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Page 11, line 20: For “properties” read “applications”.
Page 12, line 4: For “crystalline structure” read “crystalline in structure”.
Page 26, line 12: For “the expression becomes zero” read “the expression p} - p./* becomes zero”.
Page 28, line 10: Units of 52 are kJ cm'3.
Page 31, line 12: For “are” read “is”.
Page 47, line 22: For “also when” read “also observed when”.
Page 53, line 18: For “Keq = [Z]/[X][M]” read “K'eq = [Z]/[X][M], and Keq = [Z]/[X] since [M] is 
effectively constant”.
Page 54, line 5: For “the reaction” read “the overall reaction”.
Page 57, line 3: For “/crfM'1)” read llkf (M 'V1)”
Page 62, line 17: For “was” read “were”.
Page 76, lines 12 and 14: For “the terminal methyl” read “an alkyl methyl”.
Page 90, line 6: For “slowed up” read “decreased”.
Page 103, table: For “AC” read “Ac”.
Page 105, lines 11 and 12: For “C=N” read “CH3 adjacent to C=N”.
Page 109, line 8: For reference (1169) read (169).
Page 122, line 14: For “TMS” read “TMAC”.
Page 131, line 11: For “acetyl” read “alkyl”, and for “hydrazone” read “equivalent hydrazone”. Units of 
Keq are 3VT1.
Page 132, table: Add “where lCU3 denotes the acetyl methyl and 2CH3 denotes the equivalent hydrazone 
methyl group”. Units of Keq are IVT1.
Page 134, line 3: For “kf and kr are in s"1” read “kf is in M 'V1, Ic, in s'1, and Keq in M"1”.
Page 139, line 13: For “content” read “compound”.
Page 147, footnote: For reference (1) read (176).
Page 154, line 17, and page 156, line 19: The second highest MW peak was attributed to a surfactant 
material, not a second polymeric component as stated.
Page 154, line 20: Due to severely overlapping peaks in the complex gpc profiles, the computer software 
was unable to determine molecular weight values. In each case, on a common scale, the addition of 1%, 
2% and 5% ADH (w/w on polymer solids) gave approximately 1:2:5 relative peak area ratios at 2.06 mins.
Page 158, line 16: For “4 x 3 x 1.5 mm3” read “4 mm x 3 mm x 1.5 mm”.
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Foreword
Polymers with an acrylate and/or methacrylate backbone have excellent film-forming 
properties. They are widely used in the surface coatings industry in the form of 
aqueous emulsion polymer compositions due to their ease of use and low volatile 
organic content (VOC). Some properties may be enhanced through reaction of 
pendant carbonyl groups with diamino-group-containing low molecular weight 
crosslinking agents, such as a dihydrazide, to fonn three-dimensional networks. In 
particular, water resistance of the dry film may be improved by crosslinking but 
control of the reaction can be difficult during industrial processing procedures.
The research was directed towards aqueous emulsion polymer binders for printing 
inks which are storage-stable but react on application to a flexible plastic substrate to 
form a water resistant film without the need for heat.
Abstract
Low molecular weight compounds were used to model the reaction between a range 
of substituted methyl-ketones with hydrazides in comparison to amines. The reactions 
were studied by 'H-NMR spectroscopy at three pH values, in order to establish 
structure-reactivity relationships and pH control of the reaction. The information 
gained was used to design four acrylate monomers containing a terminal methyl- 
ketone moiety. The monomers were incorporated into a methyl methacrylate and n- 
butyl acrylate polymer backbone at low concentrations. The methyl-ketone group was 
expected to engage in crosslinking reactions with a water-soluble dihydrazide 
crosslinker. Tests were performed to show the effect on polymer film properties when 
such a reaction occurs. Swelling studies were carried out to show the extent of 
reaction in polymer samples through calculation of the average molecular weight 
between crosslinks, M c. ■
An introduction to emulsion polymers and their application in binder compositions is 
given in chapter 1. Several condensation processes known to occur between carbonyl- 
and amino- functional groups in different structures, and under different conditions, 
are also outlined. The experimental procedures and analytical techniques used 
throughout the research are described in chapter 2. In chapters 3 and 4, model systems 
were used to determine details of the condensation process (in a dilute aqueous 
environment) and control of the reaction by pH. This knowledge was applied in 
chapter 5 to the design of polymer systems which may be crosslinked through such 
condensations. The resulting systems were compared to a commercially available 
crosslinking emulsion polymer composition to test their relative performance. These 
various aspects are discussed at the end of the thesis with suggestions for further 
research.
© C P  Thompson 1995
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Chapter 1 
Introduction
1
1.1 Printing Processes and Ink Properties
1.1.1 Printing Processes
Printing(1) is the reproduction of an original design as an inked image on paper or 
other materials. Printing processes are characterised by the contours of their image 
carriers:
This research project targets carrier/binder systems for liquid inks, primarily for the 
flexographic printing process.
1.1.2 Flexography
Flexography is essentially a packaging printing process. Fast drying inks permit high 
speed printing and in-line converting operations, such as label- or form-sheeting and 
bag making. It is used for printing paper towels, toilet tissues, paper bags, plastic 
carrier bags, multi-wall and other heavy duty sacks, as well as a wide range of food 
packaging films and foils.
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A  flexographic printing unit consists of three main parts: an inking unit, a plate 
cylinder and an impression cylinder. The inking system is very simple, having only 
three parts: the fountain, the fountain roller and the transfer roller.
Ink is metered on to the plates by an engraved “Anilox” roller (a type of roller, see 
below). The amount of ink transferred is controlled by the number, size and shape of 
the cells in the Anilox roller. Ink feed is also influenced by the hardness of the 
fountain roller, pressure between it and the Anilox roller, press speed and ink 
viscosity. A  rubber roller feeds ink from the duct to the Anilox roller, which in turn 
inks the rubber stereos on the printing cylinder. Ink viscosity must be controlled to 
maintain constant ink feed to the plate, and must be balanced with press speed.
printing plate substrate
1.1.3 Printing Inks
An ink consists of two parts - the colouring material and the vehicle.
The colours can be dyes or pigments, or a mixture of both. Dye-based inks are 
transparent, giving clear vivid effects on white paper and metal foils. Some dyes fade
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badly in light (such as Malachite green, Victoria blue, calcium lithol rubine, methyl 
violet) and may bleed into some kinds of film making them unsuitable in some 
applications, such as outdoor storage sacks for fuel, fertilisers, animal feeds and 
garden products. Pigment-based inks are more opaque in colour and less light- 
sensitive. Examples of pigments include carbon black, titanium white, molybdate 
orange and phthalocyanine blue.
The vehicle acts as a carrier for the colour, and a binder to hold the dried ink films to 
the printed stock. The vehicle for flexographic inks has two parts - resins and 
solvents. The choice of resin determines the suitability of inks for various printing 
stocks, and their ability to satisfy a variety of end-usage requirements. For example, 
inks to be used on coated cellophanes might well need different resins from those for 
printing on polyethylene (PE). The solvent has two main functions - to dissolve the 
resins to give a low-viscosity fluid ink and to control the drying speed of the print. 
The choice of solvents is dictated by the rubber plates and rollers used in flexography; 
only solvents that do not swell rubber can be used. This restriction on solvent choice 
limits the resins that can be used to those that are soluble in the permitted solvents.
When flexographic inks dry, the solvent evaporates to leave a hard film of pigment 
and resin on the printed stock. Evaporation can be accelerated by air movement and 
by heating. Solvents differ in their rates of evaporation, so a solvent system must be 
balanced to evaporate sufficiently quickly to give rapid drying on the printed stocks, 
aided by the drying system of the press, without evaporating so rapidly that the ink 
dries on the rollers and plates. The three basic classifications of flexographic inks are:
(a) Alcohol-based: The bulk of flexographic inks fall into this class. Ethanol is the 
most general solvent, as it has many desirable properties: it is a good solvent 
for various resins, does not swell or degrade either natural or synthetic rubber, 
evaporates rapidly, has low toxicity and is free from residual odour. These last 
two properties are important in food packaging.
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(b) Water-based: These inks are usually formulated to be water-insoluble after 
drying of the printed film. Their main advantages are that there is no fire 
hazard, and water reduction and wash-up of the press are both convenient and 
economical. Water does not evaporate as quickly as alcohol, so the drying rate 
of water-based inks is slower. They are almost always used on absorbent 
stocks {e.g. paper) on which rapid drying occurs by penetration of the water 
into the base material. Drying by penetration would normally be too slow on 
non-absorbent stocks, such as PE, but ink manufacturers are continually being 
faced with meeting Environmental Protection Agency (EPA) regulations 
concerning volatile organic compound (VOC) emissions from organic solvent- 
based inks. The focus of recent research {see section 1.3.6) has been the 
exploration of alternative ‘environmentally-friendly’ chemistries allowing 
water to be the solvent for fast-drying inks. The current challenges for water- 
based inks include cleaner printing, faster drying, adhesion to all substrates, 
and the complete elimination of all VOCs. The substrate target in this project 
for aqueous crosslinking printing inks is PE, but other substrates are also being 
considered.
(c) Co-solvent-based: These inks are made from a mixture of two different kinds 
of solvents, alcohols and aliphatic hydrocarbons {e.g. naphthas). These mixed 
solvent inks can dissolve polyamide resins, which confer important properties 
to the ink. They will key on to a wide variety of films, and have excellent 
gloss. Hydrocarbons swell natural rubber, so synthetic rubber plates and 
rollers have to be used.
1.1.4 Print Properties
As the bulk of flexographic printing is for packaging, end-usage requirements are of 
major importance. It is not sufficient to produce a good print on the stock - this 
printing must withstand all the conditions that the package is likely to meet, and 
remain unchanged throughout its useful life. One rigorous test comprises portions of
the print being dipped into molten wax. The print is then withdrawn, and both the 
print and the wax are examined for any signs of ink bleeding. Candidate prints for 
bread wrappers must withstand this treatment. Another test is to sandwich a print in a 
bar of soap. This is then subjected to specified humidity conditions for a given time 
and then examined for ink bleed into the soap. Other prints may need to be oil-, fat-, 
acid- or water-resistant, according to the nature of the product being wrapped. Frozen 
food packages must survive both wet and cold conditions; other packages may require 
particular degrees of heat resistance, either when wet for boil-in-the-bag packs or diy 
for heat sealing operations. Inks must be carefully selected and matched to the 
materials to be printed, so that good ink adhesion will be maintained and the resins or 
colouring materials will not break down under any specified end-usage conditions.
Most papers can be printed with any type of ink. Water-based inks are normally used 
on uncoated papers for bags and wrappings, but solvent-based inks are preferable on 
coated papers such as box wraps where gloss is important.
PE films are widely used. They may be printed with co-solvent inks, and give little 
trouble provided that the surface has been properly treated beforehand. The main 
problem is misregister of ink (where subsequent colours do not overlay properly, 
causing a blurred image effect) since these films stretch under veiy light tensions and 
soften when heated, increasing the stretch. Operating tensions have to be closely 
controlled and heating kept to a minimum. Care must be taken with all non-absorbent 
surfaces to provide adequate drying, otherwise “blocking” or sticking together of 
adjacent layers may occur in the reel.
1.1.5 Substrates
PE is manufactured by an extrusion process (copolymerised with small amounts of 1- 
butene(2) for strength) which produces an inert film with low natural surface energy(3), 
in the range 25-35 dynes cm‘1(4). Substrate surface energy is very important for water- 
based inks - at least 38 dynes cm ' 1 is believed to be required for proper wetting and
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adhesionp), i.e. 10 dynes cm ' 1 higher than that of the formulated ink. The surface 
energy of water, a major part of these inks, is 72.8 dynes cm'1(4). The film surface to 
be printed (on one side only) is commonly treated by creating a corona discharge in 
the vicinity of the film surface in order to enhance wetting due to increases in surface 
energy. Corona discharge is accomplished by imposing a large voltage drop between 
an electrode and an insulated roll, usually ceramic, over which the film is movedp).
A  stable, uniform corona discharge that consists of a plasma of ionised gas and other 
reactive species can be established. This treatment alters the surface chemistry by 
oxidising the film surface, creating very low levels of polar functional groups, such as 
carboxyl, hydroxyl, ester and/or peroxy groups, which are more receptive to the 
printing ink (effectively ‘roughening’ the surface to provide adhesion points). The 
surface energy of plastic films can be increased to 35-50 dynes cm ' 1 in this way(4), but 
is thought to reduce over time(7). During manufacture, waxes or plasticisers may be 
added to the PE film to promote molecular flexibility - however, these plasticisers can 
migrate through the film over several weeks to the treated surface which decreases the 
extent of adhesion and wettingp),(8).
Flame treatment161 may also be used to alter surface properties of a substrate. A  flame 
is impinged directly onto the film surface as the film is passed over a cooling roll. The 
flame contains excited species which chemically react with the polymer surface to
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produce free radicals that undergo oxidation. However, this method is not commonly 
used for packaging films due to the safety hazards and complexity of controlling the 
process.
An alternative method of increasing the receptivity of a substrate to aqueous-based 
inks is that of priming or sub-coating(6), where a thin coating of a polar material(9) is 
applied to the substrate surface. The required extra stages during printing are, 
however, undesirable and can lead to processing problems such as blocking during 
film winding.
Printed PE is used for bread bags, carrier bags, fertiliser sacks, refuse liners, frozen 
vegetable packs and multi-pack coverings.
‘Coex’ film, coextruded polypropylene (PP) and PE, is also widely used. PP does not 
heat-seal alone, and corona discharge treatment is difficult on PP alone, so PE is 
incorporated. The resultant film is harder in nature than PE, and can therefore be used 
for crisp packets and confectionery wrappings. It is also more receptive to water- 
based inks than PE and is a secondary target substrate.
Other substrates are laminates, of which a few examples are:
(a) coex/coex: boil-in-the-bag packets
- for protection of the printed ink during cooking;
(b) coex/PE: heat sealable packets
- the film surface is more thermoplastic than the base, 
minimising film distortion during heat sealing;
(c) coex/foil/PE: roasted nut packets
- heat sealed packet where the foil acts as a protective 
barrier for the food, also decorative effects.
1.1.6 Ink Formulation and Print Testing
There are two parts to a water-based printing ink formulation(10) - the concentrate and 
the technology varnish. The concentrate contains some carrier/binder (the test 
emulsion, or the commercial emulsion), tap water, isopropanol (at very low weight %  
levels), an antifoaming agent, a defoaming agent, and the pigment (at large weight %  
levels). The technology varnish contains a tap water/isopropanol mixture, some 
carrier/binder, silicone oil, and two types of wax solutions for lubrication. The 
silicone oil acts as a wetting agent and also lends some water resistance to the 
resultant film. The technology varnish (40%) is blended into the concentrate (60%) 
until a homogenous liquid ink is obtained. Water reduction (i.e. dilution with water to 
change the viscosity) of the ink to 30 seconds in a Zahn cup no.2* (printing 
viscosity)00 is carried out, then films of the standard ink (incorporating the 
commercial emulsion) and the test ink (incorporating the test emulsion) are drawn 
together, side by side, on the treated surface of the PE film. A  hot air blower is used 
for a few seconds to dry the films rapidly, then preliminary subjective tests are 
performed as described below:
(a) Tack - press finger tip on first one film then the other to judge which has the
least tackiness;
(b) Colour strength - observation of which film is more opaque than the other, i.e.
which carries the pigment better;
(c) Gloss - comparison of the glossy finish of the films (appearance);
(d) Scratch - run the edge of a fingernail firmly across each film and survey extent 
of damage (hardness test);
Flexographic and gravure printers use Zahn flow cups for routine viscosity control. A  flow cup looks rather like a small metal 
ladle with a long handle with which it may be dipped into a thin fluid ink to fill. The ink pours from a small hole in the base of the 
cup, and results are expressed as the flow time from commencement to the instant at which the stream first breaks into droplets. An 
oil of known viscosity is used for calibration.
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(e) Scuff - run flat of thumbnail firmly across each film and survey extent of 
damage (drag resistance test);
(f) Wrinkle - hold firmly either side of film joint using thumbs on film surface. 
While holding one side stationary rapidly rotate the other side of the film (for 
several seconds) in such a manner that the two films do not touch each other, 
and survey damage to each film (flexibility test);
(g) Wet Wrinkle - immerse films in cold water for one hour, then repeat wrinkle 
test under running water (water resistance test);
(h) Tape adhesion test - firmly press pressure-adhesive tape across portions of 
both films, then remove tape:
(i) in a slow smooth manner;
(ii) by rough j erking movements;
(iii) in a fast smooth manner.
Resultant damage to the films are usually recorded as a rough estimate of the 
percentage of the original print left on the PE and indicate adhesion capabilities.
The above tests are also carried out on films cured at room temperature for 24 hours 
and 48 hours.
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1.2 Overview of Polymerisation Processes
1.2.1 Introduction
A  polymer is a material with a molecular structure consisting of a predominantly 
linear chain of small repeat units called monomers joined together by covalent bonds 
to form the backbone of a polymer. The backbone is defined as the minimum set of 
bonds and intervening atoms which extend continuously from one end of the polymer 
molecule to the other(12). The process by which the polymer is made may also give 
rise to the formation of branched side chains or even crosslinks. A  homopolymer 
consists of only one repeat unit or monomer, such as PE made from ethene (shown 
below).
The degree of polymerisation, D P  , is the average number of monomer repeat units, 
n, per polymer molecule. Only molecules which have values of n exceeding 50 are 
recognised as true polymers. Smaller chain molecules are termed oligomers, which do 
not exhibit the macroscopic properties of polymers, such as flexibility and elasticity. 
Commercial polymers have widely varying n values which depend on grade and 
molecular weight. For example, polystyrene may have n = 82, and PE may have n = 
357(13), but this is not always the case.
Polymers incorporating more than one monomer are termed copolymers and may be 
designed to exhibit a range of desirable properties for specific applications through 
careful choice of the monomers. The wide range of properties achievable include 
paints and varnishes {e.g. acrylic copolymers), plastic moulded items such as bottles
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(e.g. poly(ethylene terephthalate) thermoplastic copolymers), bonding agents (e.g. 
phenol-formaldehyde thennoset copolymer resins), and clothing made from polymer 
fibres (e.g. nylon-6,6 from polyamides). Thermoplastic polymers (which are 
amorphous, crystalline or partially crystalline structure at the microscopic level) may 
be softened or melted on heating and re-hardened on cooling. Several heat-cool cycles 
are possible providing the ceiling temperature of the polymer (temperature at which 
decomposition occurs) is not exceeded. Thermosetting polymers consist of amorphous 
chains (a tangled spaghetti-like structure at the microscopic level) and cannot undergo 
this type of heat-cool processing. The molten monomers are mixed and further heated 
to complete the polymerisation, setting the hard rigid polymer which will not melt on 
re-heating. If one of the monomers possesses more than two functional groups, 
crosslinking reactions can occur resulting in the formation of polymer networks 
which contribute to general resistance properties and melting. The extent of resistance 
properties depends on the number of crosslinks formed per polymer molecule, or the 
crosslink density. An account of the historical development of crosslinking has been 
discussed by Schultz(14). Naturally-occurring polymers include gelatine, cellulose, 
starch and proteins.
1.2.2 Synthetic Polymer Processes
Synthetic polymers are made by reaction of the constituent monomers under 
controlled conditions, and may be generally classified according to the process by 
which they are made; addition or step-growth. There are many textbooks available 
describing the details of specific polymerisation processes, such as Campbell(12). As a 
full discussion is outside the scope of this thesis, a very basic introduction will be 
given here.
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1.2.2.1 Addition Polymerisation
Addition polymers may be made via free-radical, ionic or co-ordination mechanisms 
and are based on the general reaction sequence of initiation, propagation and 
termination of chains. Thermoplastics are mainly synthesised from vinyl monomers 
by free-radical processes, such as PE from ethene (CH2= C H 2), poly(vinyl chloride) 
from vinyl chloride (CH2=CHCl), and polystyrene from styrene (CH2=CH-C6H 5). 
Synthetic rubbers are also produced in the main through free-radical polymerisation 
of dienes (CH2=CX-CH=CH2, where X  may be an alkyl or aryl side chain). Straight- 
chain reactions based on head-to-tail linkage generally predominate in vinyl monomer 
polymerisation. Steric hindrance and/or dipolar repulsion effects of bulky pendant 
groups affect the head-to-tail linkage leading to stereoisomeric configurations 
described by the tacticity of the polymer: isotactic when all configurations are the 
same; atactic when random; and syndiotactic when strictly alternating. The acrylic 
copolymers used in this project were made by the free-radical polymerisation method, 
described here, which usually results in atactic polymers. Initiation of the reaction 
occurs when an outside initiator (such as the persulphate ion in ammonium 
persulphate, shown below) decomposes, e.g. on heating, to form two ffee-radieals R*.
S20 82‘ -+ 2 [SO/]'
The free-radical R* combines with a monomer molecule M  to form a monomer 
radical M*, actually RM*. This monomer radical is a highly reactive species which 
combines rapidly with another monomer molecule M  to form RMM*. This addition 
process is repeated to form a propagating polymer chain with a radical on the end.
A  diagram showing the radical initiation of an ethene monomer molecule and the 
propagation of a polymer chain is given on the following page.
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The propagating chain will continue to grow until some process terminates it by 
removing the free-radical site. Termination commonly occurs by combination or 
disproportionalion. If two growing chains meet and combine their unpaired electrons, 
a new backbone bond is fonned to give a ‘dead’ polymer molecule. This gives rise to 
very high molecular weights. The mutual termination of two chains, often via transfer 
of a hydrogen atom, results in two ‘dead’ polymer molecules with different end- 
groups (see below).
Owing to the nature of free-radicals, linear chains are not always the only products. 
Chain branching may occur hy internal chain transfer, where the growing end of a 
chain may abstract a hydrogen atom from a -CH2- group further back along the same 
chain. This process is known as backbiting. The resultant pendant chains may result 
in crosslinked networks through termination by combination of two such propagating 
polymer molecules.
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The range of free-radical synthesis methods available to addition polymers include: 
bulk liquid polymerisation, but it is difficult to control in practice; homogeneous 
solution polymerisation, by dilution of the polymerising system in an inert solvent, 
used in the paint and adhesive industry to make poly(vinyl acetate); suspension 
polymerisation, where the insoluble monomer is kept in suspension as small droplets 
(100-5000 pm) by mechanical agitation which can result in fairly uniformly-sized 
beads of solid polymer; emulsion polymerisation, similar to suspension 
polymerisation but the system contains surfactant (surface active agent, a soap or 
detergent) enabling smaller droplet sizes of the order of 0.05-10 p m  stabilised as 
micelles (see section 1.2.4.3) within which reaction takes place.
7.2.2.2 Step-Growth Polymerisation
Step-growth polymers, so-called due to the stepwise reaction sequence, commonly 
occur via a condensation mechanism between two difunctional monomers, with the 
elimination of a small molecule such as water (see below). This is the mechanism 
employed in the fonnation of polyesters and polyamides. The reaction continues until 
all the monomer is consumed. Chains with functional end-groups may also react with 
each other to form higher molecular weight polymer molecules.
HO — CH2CH2 —  OH + H 0  c o  C 6H 4 OH
ethylene glycol terephthalic acid
- h 2o
' f
-  o  —  c h 2c h 2 —  0  -—  C O  —  c 6h 4—  CO -
n
ester repeat unit
Step-growth polymerisations may also proceed by repeated reactions which are not 
condensations because no molecules are eliminated, e.g. polyurethane formation from 
diol and diisocyanate monomers (see following page).
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HO —  CH2CH2 —  OH + O = C  =  N —  C6H4 —  N =  C —  O
diol diisocyanate
O —  CH2CH2 —  O —  CO —  NH —  C J h —  N H  —  CO6n 4
n
urethane repeat unit
The synthesis methods available to step-growth polymers are very different to those 
of free-radical polymers and are usually tailored to individual polymer requirements. 
Two examples are outlined: direct mixing of equimolar solutions of monomers, e.g. 
adipic acid and hexamethylene diamine in methanol resulting in precipitation of the 
1:1 insoluble salt, which is dissolved in water then autoclaved (heated to high 
temperature under low pressure in specially-designed apparatus) to form the polymer; 
mixing of solutions of monomers where one is in large excess, e.g. ethylene glycol (in 
excess) with dimethyl terephthalate in the manufacture of poly(ethylene 
terephthalate), which is then treated in three stages at elevated temperatures (melt 
transesterification, then prepolymerisation in an autoclave during which oligomers are 
formed, and finally polycondensation).
1.2.3 Definitions and Polymer Terminologv
1.2.3.1 Molecular Masses and Polydispersity
A  polydisperse polymer sample is one in which the individual polymer molecules are 
of different sizes and, therefore, different molecular masses. A  monodisperse system 
contains polymer molecules of the same size and molecular mass. Average values of 
relative molecular masses can usually be specified for a bulk polymer. The simplest
average term is the number average relative molecular mass, denoted as M n . For the
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/th fraction, containing TV,- molecules of M-t relative molecular mass, the M n is the 
total mass divided by the total number of molecules:
M. =
The weight average molecular mass, denoted as M w , is defined analogously:
E K m )  _ Y X n >m ? )M ..
The value of M w is expected to be influenced more by heavier molecules and 
therefore to be larger than M n .
By definition, a monodisperse system consists of all molecules having the same
values of M, and therefore M w and M „  are equal, i.e. M w / M„ = 1. In polymer 
systems the value of M w / M n is termed the polydispersity index. The value of 
polydispersity increases as the distribution of relative molecular masses in the 
polymer samples increases.
The most commonly used techniques for the determination of polymer average 
molecular masses are: gel permeation chromatography, a size exclusion method; 
viscometry, where flow rate measurements are taken of specified volumes of solution; 
and liquid-phase osmometry which is based on measurements of osmotic pressure, a 
colligative property dependent on molar concentrations. All these techniques depend 
on suitable prior calibration.
1.2.3.1 Glass Transition Temperature
Rigid polymeric solids have immobile chains, even when the degree of crystallinity is 
minimal and the bulk polymer is entirely amorphous. There is a critical temperature,
17
characteristic to individual polymers, below which bond rotation is ‘frozen’ resulting 
in hard, glass-like properties. Elastomers and thermoplastics both undergo this 
transition when sufficiently cooled. The glass transition temperature, Tg, of a polymer 
is defined as the temperature at which the polymer no longer exhibits rubbery, 
flexible properties but becomes hard, rigid and glass-like.
Knowledge of the value of Tg for both non-crosslinked and crosslinked polymers is 
important when considering applications. It gives an indication of the durability of the 
polymer’s mechanical properties, such as modulus of elasticity (Young’s modulus; a 
measure of the softness or stiffness of a material). Mechanical properties tend to 
decrease rapidly at a polymer’s Tg due to the incidence of molecular rotation about 
single bonds along the backbone.
Values of Tg may be most easily measured by differential thermal methods, 
specifically differential thermal analysis (DTA) and differential scanning calorimetry 
(DSC). The Tg is located by a point of inflexion on the D T A  profile, as expected of a 
second-order transition.
1.2.3.2 Melting Temperature
The ‘melting’ of a thennoplastic polymer does not occur at one particular 
temperature, like nonnal chemical compounds, but over a fairly wide temperature 
range. With rising temperature, the solid bulk polymer usually begins to soften over 
perhaps tens of degrees until a temperature Tm is reached. At this temperature, tenned 
the melting temperature, the polymer achieves a viscous liquid phase. It is regarded as 
the maximum temperature at which any solid material can exist within an otherwise 
molten polymer. The solid material is usually remnants of larger crystallites in the 
original thermoplastic at lower temperatures. Crosslinked polymer systems, however, 
do not usually melt prior to decomposing.
Values of Tm may also be detennined using D T A  (marked by a sharp trough as 
expected of a first-order endothennic transition) or D S C  measurements. DSC is,
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however, the preferred technique as the enthalpy of melting (AH m) may also be 
determined quantitatively from the integrated area between the baseline and the 
profile between the temperature limits of the transition.
1.2.4 Acrylate/Methacrylate Emulsion Polymer Systems
1.2.4.1 Aery late/Methacrylate Copolymerisation
The composition of a copolymer is governed by the relative reactivity ratios of the 
constituent monomers. Acrylate and methacrylate polymers and copolymers are made 
by the free-radical process. In addition to the usual free-radical initiation, propagation 
and termination processes, copolymers formed from two monomer components A  and 
B, can also undergo the following free-radical chain reactions:
A # + A —> AA*
A* + B —^ AB*
B* + B —>■ BB*
B* + A -> BA*
where A ’ represents a radical from monomer A  and B* represents a radical from 
monomer B.
Reactivity ratios rA and rB can be measured and essentially reflect the relative 
reactivity of a given monomer (A) with itself (AA) in comparison with the other 
monomer (AB). These ratios can be used to predict the composition of the resulting 
copolymer. The product rA.rB is denoted rh A  value of rt - 1 indicates that there is an 
equal chance of A  or B adding to the propagating chain. When r,- is significantly 
greater than unity, the propagating species adds only to its own monomer units. If rt 
approaches zero the opposite monomer will add preferentially, resulting in an 
alternating copolymer chain.
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In the case of methyl methacrylate (A) and w-butyl acrylate (B) the reactivity ratios 
are 0.920 and 0.130 respectively05! These ratios indicate the most likely fonnation of 
a random copolymer chain rather than an alternating sequence.
Random sequence: A A B A B A A B B B A B B A B A A A B
Alternating sequence: A B A B A B A B A B A B A B A B A B A
The relative concentrations of methyl methacrylate and «-butyl acrylate present in a 
copolymer detennine the flexibility, and hence the Tg, of the resulting polymer 
structure. In general, the higher the Tg value, the more rigid the structure as depicted 
below. All Tg values are normally quoted in degrees Kelvin.
CH2 =  C(CH3) —  co2ch3 
methyl methacrylate
CH2 =  CH —  C02 C4 H9 .........—>
n-butyl acrylate
The theoretical Tg of a copolymer may be crudely calculated using the following 
relationship061’07!
_L = K  + N  + 3 .  +
0  figl fig2 fig3
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for the Tg value of a copolymer with constituent monomers 1, 2, 3, etc. at weight 
fractions W u W 2, W 3, etc. and homopolymer Tg values of TgU Tgl, Tg3, etc. This 
equation is useful in the design of copolymers which require specific Tg values.
1.2.4.1 Aciylate/Methacrylate Copolymers for Coatings
There are two commonly used waterborne systems in emulsion formation for coating 
applications - poly(vinyl alcohol) and poly(meth)acrylates, the latter are denoted as 
such since they usually contain both acrylate and methacrylate monomers. Acrylic 
systems possess superior qualities in terms of ease of processability, endurance of 
modification, and generally excellent film forming properties. They are in wide use as 
various coating compositions including paints, varnishes, printing inks, adhesives and 
textile-finishing formulations.
Aqueous-based polymer coating compositions which rely on particle coalescence for 
film fonnation and strength are of inferior quality to the widely used solvent-based 
nitrocellulose systems; solvent resistance and film strength being their main 
weaknesses. The drive for continued research into this area is due to the desirable 
toxicological and environmental advantages over solvent systems, consumer handling 
and storage convenience, and their versatility for polymer modifications according to 
end-usage requirements.
The expected advantages from crosslinked aqueous polymer coatings include: 
superior chemical and mechanical resistance, increased hardness and film strength, 
and superior weatherability for outdoor or other hot/wet or cold/wet conditions. 
Waterborne copolymer latices that chemically react to form crosslinked polymer 
networks during (or after) film fonnation may show comparable performance to 
solventbome systems.
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1.2.4.2 Latex Stab ility
A  stable emulsion of polymer particles dispersed in a liquid phase is commonly 
referred to as a latex (pi. latices). A  detailed description of practical emulsion 
polymer synthesis is given in section 2.4.2.
The stability of the latex may be indicated by the amount of coagulum (solid 
particulate mass) obtained on gravity filtration of the fluid through a gauze. Ideally, 
no coagulum should be collected but a very small amount is acceptable, i.e. less than 
1% by weight of the solid polymer content. An unstable system would normally 
solidify in the reaction vessel before completion of the monomer, feed, or just after. 
Sometimes a slight system modification, through trial and error, may be all that is 
required to bring stability to a borderline formulation, such as a change of surfactant 
or increased feed times.
1.2.4.3 Surfactant Chemistry in Latices
A  surfactant, or surface active agent, is a substance that preferentially concentrates at 
an interface or surface. Surfactants can modify the physical properties of an interface 
between two immiscible phases, and are thus employed in emulsion polymerisation 
processes to stabilise the oil-in-water systems'-18).
Surfactants exhibit colloidal and interfacial properties due to their amphipathic 
nature. For a water-soluble surfactant, such as those used in emulsion 
polymerisations, the molecule contains a polar hydrophilic functional group ‘head’ 
and a non-polar hydrophobic functional group ‘tail’. In dilute solution ionic 
surfactants behave like normal electrolytes, but at fairly well-defined concentrations 
abrupt changes take place in several physical properties: osmotic pressure becomes 
uniform and no longer increases with increasing concentration; turbidity of the 
solution rapidly increases with increasing concentration; molar conductance rapidly 
drops off with increasing concentration; and decrease in surface tension dramatically 
slows down with increasing concentration. These property changes are evidence for
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the organised aggregation of non-ionic surfactant solute to form micelles. The 
concentration above which micelle fonnation becomes appreciable is tenned the 
critical micelle concentration (cmc). Micelles are usually spherical in shape, but some 
may be cylindrical or laminar (see below).
Surfactant solutions above the cmc have the capacity to solubilise otherwise insoluble 
organic material by incorporation into the interior of the micelles. This property is 
advantageously utilised in emulsion preparation and latex fonnation; without a 
surfactant component phase separation would generally be rapid, especially if the 
concentration of the dispersed phase is relatively high. The surfactant forms an 
adsorbed layer around the dispersed monomer droplets, at the oil-water interface, 
which assists the prevention of flocculation and premature coalescence.
In an emulsion system(19), monomer may distributed: (i) as stabilised emulsion 
droplets; (ii) dissolved to a small extent in the aqueous phase where initiation can 
take place; and (iii) solubilised in surfactant micelles. Polymerisation is believed to 
take place inside these micelles, with monomer droplets serving as reservoirs to 
supply new monomer to the polymerising sites by diffusion through the aqueous 
phase. As the micelles grow they adsorb free surfactant from the solution and, 
eventually, from the surface of the emulsion droplets. In this way the surfactant 
stabilises the polymer particles in the final latex. The number of polymer particles 
finally produced, and the rate of polymerisation, depends largely on the surfactant 
concentration relative to the monomer concentration.
spherical laminar cylindrical
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A  diagram showing the emulsion polymerisation process using surfactant micelles is 
given below.
M (aq)
RM *
RMM °
RMMM*
etc C k #
o—
cr#
X  O  S
D  ~ °
free-radical polymerisation 
continues within particles
o J l -o
8 ^ 0
micelle
where M  = monomer
o —  = surfactant molecule 
R° = radical
1.2.4.4 Film Formation by Acrylic Latices
Acrylic latices film-form through coalescence as the aqueous continuous phase 
evaporates. A  homogeneous, clear and glossy film is obtained when coalescence 
proceeds smoothly. In some cases, however, the addition of a small amount of 
coalescing agent is required to assist this process by acting as a lubricant for the more 
rigid polymer chains (with higher Tg values). Films containing coalescents tend to be 
marginally softer, and sometimes weaker in solvent resistance, due to trapped 
molecules in the dry film.
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1.2.5 Swelling o f Crosslinked Networks
Demonstrating crosslinking in polymer systems is difficult by spectroscopic 
techniques due to the low crosslink density in these types of systems. The technique 
most successfully employed is that of swelling the three-dimensional structures in 
solvent(20). On immersion, such a crosslinked structure should not dissolve completely 
in the solvent but may absorb a large quantity of it.
Swelling occurs through the interaction of the solvent with the polymer chains, 
analogous to linear polymers forming an ordinary polymer solution, to form an elastic 
solution (or swollen gel) rather than a viscous one. The added volume of the polymer 
throughout which the solvent may spread affords an opportunity for increases in 
entropy, termed the entropy of dilution, which may be increased or decreased by the 
heat of dilution.
As swelling proceeds the chains between network junctions become elongated and an 
opposing force develops analogous to the elastic retractive force in rubber. A  state of 
equilibrium is eventually reached when both these forces are balanced.
1.2.5.1 Theory of Swelling
Flory(20) has described the development of the theory of swelling in detail, but since it 
is beyond the scope of this thesis only the general concept will be given here.
The free energy change, AF, of mixing pure solvent with initially pure unstrained 
polymer network may be written as
A F — AFm + A Fe
where A Fm is the free energy of mixing and A Fe is the elastic free energy from 
expansion of the network structure.
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Using this basic concept, related expressions001 may be written in terms of change in 
volume of the system and the associated entropy changes:
Mi-Mi = R T ln(l-o2) + L»2+ Z i ^ + K Di
f
where p.! - pi° = chemical potential of the solvent in the swollen polymer gel; R  is the 
gas constant; T is the temperature in degrees Kelvin; o2 = F0/V, V0 being the volume 
of the unswollen polymer (relaxed network) and V being the volume of the swollen 
polymer gel; Xi is the polymer-solvent interaction coefficient; V\ is the molar volume 
of the solvent; ue is the effective number of polymer chains in the network expressed 
in moles; and /  is the functionality of the crosslinking agent, i.e. f  = 2 for a 
difunctional crosslinking agent.
A  composition at swelling equilibrium would have p* = ji]°, and the expression 
becomes zero. Hence
ln(l-o2) + u2 + X iV2 + j ( Y
/
2 _= 0
This represents the swollen polymer gel being in equilibrium with the surrounding 
solvent and opposing forces in play balanced. This may be expressed in terms of the 
polymer number average molecular weight M  and the mean molecular weight 
between crosslinks M c, where d  is the average volume of a polymer chain. The 
subscript e represents equilibrium values.
ln(l-o2l!) + l>2„ + [ J L )
\ o M r J
l _ 2 U f
M
D lA  _  2 tM  _2e
f
= 0
The factor (1 - 2MJM) is the correction for network imperfections resulting from 
chain ends. For a perfect network (M  = oo) it reduces to unity. Further, at swelling 
equilibrium, it is customary to replace l/u2e by where q is the swelling ratio V/V0
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at equilibrium. For large values of M c (i.e. low degrees of crosslinking), qe in a good 
solvent will exceed ten.
X I + -i + h .
+ p K„
W f - 2 1v q j <il K i f?\ f y j
where p  is the polymer density of the relaxed (unswollen) network and Vm is the 
molar volume of the solvent.
1.2.5.2 Solvents for Swelling Experiments
Swelling experiments carried out in this project (see section 5.5.3) were evaluated 
using this last equation for the solvent which gave the maximum swelling ratio qe at 
equilibrium. A  range of solvents were tested for each crosslinked polymer system to 
determine which gave maximum swelling for each individual system. As far as 
possible solvents were chosen to possess only Hildebrand00 cohesion parameters 8, 
(or solubility parameters) due to dispersion interactive forces in order to mimic 
more closely the organic polymer system. Contributions from other interactive forces 
may be more significant in other solvents, particularly polar solvents. The Hildebrand 
parameter consists of several interaction parameters according to the forces 
employed. They are related by the simple additive equation:
= dd+ 820+ 2SjSd + 2SaSb 
A  table of constants00 for the solvents examined in this work is given overleaf.
27
S o lv e n t V
( c m 3) *
5 rf 6 . 8/ 8 * 8* 8/
/7-pentane 115 14.5 - - - - 14.5
/7-hexane 131 14.9 - - - - 14.9
c y c lo h e x a n e 108 16.8 - - - - 16.8
c a rb o n
te tra c h lo r id e
9 7 17.6 1.0 17.6
to lu e n e 107 18.2 - - - 1.2 18.2
benzene 89 18.8 - - - 1.2 18.8
! V is expressed as the volume occupied by one mo e of solvent.
where 8d - dispersion cohesion parameter (fluctuating dipoles); S0 = orientation 
cohesion parameter (pennanent dipole-dipole interactions); 8/ = induction cohesion 
parameter (dipole-induced dipole interactions); 8a = Lewis acid cohesion parameter 
(electron-accepting interactions); 8b = Lewis base cohesion parameter (electron- 
donating interactions); and 8t is the total Hildebrand cohesion parameter evaluated 
from vaporisation energy measurements using the equation
S 2 =
V
where AH vap ° is the molar heat of vaporisation of the solvent and V is the molar 
volume of the solvent.
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1.3 Carbonyl/Amino Group Functionality
1.3.1 Introduction
The reactions of carbonyl compounds with primary or secondary amines generally 
involve one or two of the following processes(22):
Addition R‘\ c = o
R2/
+ R-NH 2 ^ ---
R1 NHR
C
R2^  \ o H  
a -amino alcohol
CD
Intramolecular
dehydration
R1^  j  NHR
C
r2$  \ oh
\ = N R  +
y
Schiff base
H,0 ©
Intermolecular
dehydration
Rl j  NHR 
C + 
R2^  ^ O H
R \  /R-NH 2 ^..^ V
y \
ni-ir
+ h 2o
NHR
d>
Reaction ©  is the fundamental step of all amine-carbonyl reactions, but the a-amino 
alcohol is generally too unstable to be isolated. Dehydration proceeds readily if the 
original nitrogen base was a primary amine. Primary amines fonn Schiff bases(23). 
Schiff bases of aliphatic aldehydes are relatively unstable and readily 
polymerizable(24),(25) while those of aromatic aldehydes, with an effective conjugation 
system, are more stable(26),(27).
Reaction ©  represents the formation of Schiff bases, oximes, semicarbazones and 
hydrazones. This reaction is important for the identification and determination of 
carbonyl compounds. Reaction ©  is important for certain industrial processes, such as 
the formation of urea resins and melamine resins(22).
29
Reactions of formaldehyde and the lower aliphatic aldehydes with primary amines 
may give azomethine compounds or their trimerization products, 
hexahydrotriazines(28).
R-NH2 + HCH O — ^  c h 2-n r
R R 
1primary amine formaldehyde azomethine
R
hexahydrotriazine
Weak bases such as amides, urea and melamine, or secondary amines, produce 
alkylidenediamines or gem-diamines (R2N H C H R 1N H R 2) by intermolecular 
dehydration between the a-amino alcohols and the bases(29). Amines having two or 
more amino groups, and also urea, can produce polymeric materials by repeated 
addition and intermolecular condensation.
Amine-carbonyl additions are very important in synthetic chemistry, such as the 
Mannich(30) and Pomeranz-Fritsch00 reactions. Structures of products involving C = N  
bond formation from amine-carbonyl condensations include:
R2C = N R imine or Schiff s base
r2C = N N H 2 hydrazone
r2c = nn —  cr2 azine
r2c = n n h - Q phenyl hydrazone
no2
r2c — nnh- ^ > n ° 2 2,4- dinitrophenyl hydrazone
r2c=nnhconh 2 semicarbazone
R2c  =  NOH oxime
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1.3.2 Reaction o f Amides with Amines
Amidic amino groups rarely condense with carbonyl reagents(32), however, urea has 
been reported to react with benzoin to give a cyclic glyoxalone derivative(33) by this 
method.
Sulphonamides may condense with aldehydes i f  Lewis acid catalysts (ZnC l2 or A1C13) 
are present(34) fonning imine-type structures.
AICI3
r 1s o 2n h 2 + R2CHO --------- >  r 1s o 2n = c h r 2
sulphonamide aldehyde “imine”
Amides, like melamine and urea, are weak bases which may undergo addition to 
aldehydes(35) as described by equation © , section 1.3.1. This step is often subject to 
acid and base catalysis. The condensation step, if  it occurs, is usually o f the 
intermolecular type represented by equation <D (section 1.3.1) and is subject to 
specific oxonium ion (H 30 +) catalysis. A+Hydroxymethylations o f urea(36),(37)-(38) and 
amides(36),(39),(40) have been discussed. The reaction o f amides with aldehydes are 
subject to specific hydroxide ion catalysis, whereas the equivalent reaction o f urea is 
subject to general base catalysis. A  likely explanation could lie in the lower basicity 
o f amides(40),(41). Both mechanisms have been discussed(40).
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The amidic carbonyl group does not usually react with amines(32). Hydroxylamine can 
be reacted with few amides to form amidoximes, such as N H 2C (C 0 2H )= N 0 H (42). 
Thioamides are much more reactive and may be condensed with ammonia(43) or 
amines(44). Substituted amides require a condensing agent such as POCI3 to drive the 
reaction with amines(45) to give imine-type products.
1.3.3 Chemistry o f the Hydrazide Group
Hydrazides are acyl hydrazines(46), compounds derived from an acid by replacement 
o f the hydroxy group by a hydrazino group, which may bear other substituents.
1 .3 .3 .1  E n o liza tio n  o f  the H y d ra z id e  G ro u p
In principle, a hydrazide could change from the resonance-stabilised amide form to a 
tautomeric enol form(47) by transferring a hydrogen from the acylated nitrogen to 
oxygen.
*— > J & t
V T J H N H ,  R  ^ N I -:-i n h  .
O H
I/ C
R
resonance-stabilised amide form tautomeric enol form
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N o enolisation can be detected in unsubstituted monohydrazides(47), but some 
observations indicate that one o f the hydrazide groups in 1,2-diacylhydrazines may be 
enolised, so that the product formed from 1,2-diacetylhydrazine and diazomethane 
contains one methoxy group(47) thought to occur by a similar route to that o f  N - 
substituted amides(48) (see below).
The conductivity increase observed when a melt o f  2-benzoyl-1- 
methacryloylhydrazine is heated may also be explained by enolisation(49).
However, neither infrared (IR ) nor nuclear magnetic resonance (N M R ) spectra show 
the enol form for dihydrazides in the solid state or in solution(49).
1 .3 .3 .2  A c id ity  a n d  B a s ic ity
The weakly basic monohydrazides form soluble salts with inorganic acids. An  
electron-attracting phenyl group can lower the basicity o f hydrazides to the extent that 
compounds exhibit acidic characteristics, such as l-benzoyl-2-phenylhydrazine which 
does not dissolve in acid, but is soluble in base(47).
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The hydrogen on the acylated nitrogen is weakly acidic, as in amides, and 1,2- 
diacylhydrazines (R 'CO -NIT -NH -CO R 2) dissolve in bases and are capable o f forming 
salts(50).
1 .3 .3 .3  G en era l R ea c tio n s  o fH y d r a z id e s
Hydrazides can react both at the carbonyl group and at the hydrazino group. They may 
be subject to both electrophilic attack on the oxygen and nucleophilic attack on the 
carbon o f the carbonyl group. The reactions o f  the hydrazino group are, however, 
much more common due to the pronounced nucleophilic character o f the non- 
acylated nitrogen. Many types o f nucleophilic and electrophilic reactions are utilised 
in the synthesis o f  various heterocyclic compounds from hydrazides, some o f which 
are described later in this chapter.
Hydrolysis o f hydrazides does not occur at an appreciable rate in water(46). In general, 
hydrazides are also stable to acids and bases in the cold. Hydrolytic cleavage to form 
the free parent carboxylic acid in concentrated hydrochloric acid occurs only when 
the hydrazide is boiled for eight hours(51),(52), in the case o f substituted hydrazides. 
The kinetics o f acid hydrolysis o f  benzoic hydrazides has been studied(53) and the 
mechanism appears to be analogous to amides.
A , H+
RCONHNHR + h 2o -------------- >  RCOOH + NItyNHR1
hydrazide water carboxylic acid hydrazine
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Alkaline hydrolysis, e .g ., with a concentrated solution o f barium hydroxide, also 
requires heating for several hours and is also analogous to amide hydrolysis04-055!  
The hydrolysis o f  hydrazides and substituted hydrazides has been compared to the 
mechanism o f the hydrolysis o f amides and detailed studies have been conducted on 
both the kinetics and mechanism o f the cleavage031'06!  Diacyl hydrazines(57) and acyl 
hydrazones(58) may be hydrolysed in a stepwise process. The hydrazone is usually 
hydrolysed more readily by aqueous acid than the hydrazide08!
Since ammonia is a weaker nucleophile than hydrazine, hydrazides react with 
ammonia to give poor yields o f amides (and hydrazine) only at 150°C and under 
pressure09!  However, the reverse reaction between amides and hydrazine readily 
leads to good yields.
150°C, 200psi
r c o n h n h 2 + NH3 . ^ ----- r c o n h 2 + n 2h 4
hydrazide ammonia amide hydrazine
In neutral solution, or in ethanolic solution in the presence o f sodium alkoxide, alkyl 
halides alkylate the non-acylated nitrogen o f the hydrazide(60),(61),(62). The electron- 
attracting effect o f the acyl group in the hydrazide confers a partial positive charge on 
the acylated nitrogen, encouraging attack on the tenninal nitrogen.
hydrazide 1 -bromopropane alkylated hydrazide
Sodium salts o f hydrazides may be prepared by the action o f metallic sodium on 
hydrazides. Alkylation o f  these salts by alkyl halides proceeds preferentially on the
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acylated nitrogen in non-polar solvents(61). Dihydrazides may be similarly alkylated 
v ia  their sodium salts(63), or in an ethanolic solution in the presence o f alkali(64).
Na R2X ^ NH2
R 1CONHNH2 -------------- > R 1 C0N"NH2 Na+  > R !CON ^
\ r2
hydrazide sodium salt alkylated hydrazide
Likewise, monohydrazides with at least one hydrogen on the terminal nitrogen give 
1,2-diacylhydrazines with acyl halides and anhydrides(65).
(R2 CO) 20
acid anhydride
r 1c o n h n h 2 -------------- >
o r  R2 COC1
R^ONHNHCOR2
hydrazide acid chloride 1,2-diacylliydrazine
Further acylation o f 1,2-diacylhydrazines is more difficult due to the remaining 
amidic N H  groups being rather weakly nucleophilic, but is possible by heating with a 
large excess o f anhydride(66).
RCONHNHCOR
(R2 CO) 20  
-------------- >
RCO COR
^ NNCR2CO ^  ^ C O R 2
1,2-diacylhydrazirie excess acid anhydride tetraacylhydrazine
Nitrosation o f unsubstituted hydrazides (R C O N H N H 2) leads to acyl azides 
(R C O N =N +=N '), intermediates in the Curtius degradation(65),(67) which in turn leads to 
primary amines.
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strong acid
-> r c o n 3 + H20o°c
HN02 , H+ ^  acyl azide
RCONHNH2 -------------- > [RCONHNHNO]
hydrazide weak acid
^ -------------- > r c o n h 2 + N ,0o°c
amide nitrous oxide
The main side reactions are the fonnation o f amide and nitrous oxide i f  a weak acid is 
used, and the fonnation o f a 1,2-diacylhydrazine i f  addition o f nitrous acid is slow(65).
RCON3 + r c o n h n h 2 ----- -------- > RCONHNHCOR + h n 3
acyl azide unreacted hydrazide 1,2-diacylhydrazine hydrazoic acid
1 .3 .3 .4  H yd ra zo n e  F orm ation
The unsubstituted amino group in hydrazides (and similarly with semicarbazones, 
thiosemicarbazones, and hydroxylamine) usually reacts readily with all but the highly 
hindered aldehydes arid ketones to form acylhydrazones(61),(68)'(72). The reaction may 
be carried out in aqueous or alcoholic solution and leads quickly to the product. 
Hydrazones usually crystallise easily, and are often used, for the identification and 
purification o f carbonyl compounds. Hydrazides with a quaternary ammonium group 
on the ^-carbon o f the acylhydrazine (e .g ., Girard’s reagent T, C f  
(C H3)3+N C H 2C O N H N H 2) (73) give water-soluble hydrazones with aldehydes and 
ketones, which may be extracted from complex organic reaction mixtures by shaking 
with water.
The first step in hydrazone formation is believed to be the nucleophilic attack o f the 
non-acylated hydrazide nitrogen on the carbonyl group o f the ketone leading to a 
carbinolamine intermediate^# Loss o f  water then occurs under the reaction 
conditions and the hydrazone is formed. A  detailed review covering all aspects o f this 
reaction has been written by W  P Jencks(7#
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/  \  I
R ’R2C^O^ + H2NNHCOR3 gg— -  R 1 R2C-NHNHCOR3 R>R2C=NNHCOR3
ketone hydrazide carbinolamine hydrazone
A7-alkyl-substituted hydrazides and 1,2-diacylhydrazines can also react with carbonyl 
compounds05!
Dialkylhydrazones are storage-stable in comparison to the unsubstituted and mono­
alkyl hydrazones o f lower aldehydes, which tend to either dimerise or 
disproportionate to form azine and hydrazine06!  Simple hydrazones are mostly 
liquids and are soluble in water i f  the carbon content is low07!
Hydrazones can be readily cleaved by acid hydrolysis to reform the original hydrazide 
and carbonyl compound, or by reaction with benzaldehyde in dioxan (containing a 
small amount o f acetic acid) i f  the compounds are sensitive to acids08!
1 .3 .3 .5  R e a c tio n s  W ith A lk en es
Addition reactions to ordinary carbon-carbon double bonds are unlikely to occur due 
to the principally nucleophilic character o f the hydrazide group. However, C =C  bonds 
which are activated by strongly electron-attracting neighbouring groups can react with 
hydrazides, such as the alkenylnitriles which form 2-cyanoethylhydrazides in 
Michael-type additions02!
RCONHNH2 + c h 2= ch-c= n  ---- --------- >  RCONHNH-CH2CH2-C=N
hydrazide alkenylnitrile 2-cyanocthyihydrazide
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1.3.3.6 Oxidation
Unsubstituted hydrazides (R C O N H N H 2) are sensitive to oxidising agents. The 
conversion o f 2-substituted monohydrazides, or 1,2-diacylhydrazines, into the 
corresponding disubstituted diimides may be carried out by a wide range o f oxidising 
agents, including oxygen(79), ferric chloride(80), and peracetic acid(81). The diimides 
can generally be isolated.
[O]
R lCONHNHR2  >  R lC O N = N R 2 + H20
2-substituted monohydrazide disubstituted diimide
R^ONHNHCOR2 -
[O]
-------------> R 1C O N = N C O R 2 + H20
1,2-diacylhy drazine disubstituted diimide
Monoacyldiimides formed by the oxidation o f monohydrazides have low stability and 
function as acylating agents to form 1,2-diacylhydrazines with unoxidised hydrazide, 
with the elimination o f nitrogen00.
RCON=NH
2 OH"
+ RCONHNH2 ----------> RCONH-N= N-NHCOR + 2 H20
monoacyldiimide unoxidised hydrazide unstable intermediate
-n 2
>r
RCONH-NHCOR
1,2-diacylhy drazine
Oxidation o f hydrazides using gaseous chlorine in organic solvents in the presence o f  
excess hydrogen chloride leads to liberation o f nitrogen and the fonnation o f  
carboxylic acid chlorides instead o f l,2-diacylhydrazines°2).
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HC1
r c o n h n h 2 + Cl2 - ------------ > RCOC1 + N2
excess
hydrazide chlorine acid chloride
1 .3 .3 .7  T herm al R ea c tio n s
Monohydrazides have high thermal stability, observed from the fonnation o f  
hydrazides on heating hydrazinium salts o f  carboxylic acids(65). On strong heating the 
monohydrazides may disproportionate to form l,2-diacylhydrazines(65), which have 
the highest themial stability known among hydrazides. Above 200°C, dihydrazides 
are unstable and dehydrate to fonn cyclic l,3,4-oxadiazoles(66) {see  section 1.3.3.8).
1 .3 .3 .8  F orm a tio n  o f  H e te ro c y c lic  C o m pou n ds
The fonnation o f five-membered heterocyclic rings by the cyclisation o f hydrazides is 
an important route in synthesis work. 1,3,4-Oxadiazoles, 1,3,4-thiadiazoles, sym -  
triazoles, pyrazoles, and their substituted, hydrogenated, and oxidised derivatives are 
readily obtained from hydrazides by the following methods.
2,5-Disubstituted 1,3,4-oxadiazoles are formed by the dry heating o f 1,2- 
diacylhydrazines through dehydration(66). The reaction is encouraged by a dehydrating 
agent such as phosphorus pentoxide(83).
a ,p 2o5 n — ‘N
R 1 CONHNHCOR2 -------------- >
-H20 r i a  A 0 a  x R2
1,2-diacylhydrazine
A X
2,5-disubstiluted 1,3,4-oxadiazole
Polyhydrazides similarly yield polyoxadiazoles, which have high thennal stability.
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Heating 1,2-diacylhydrazines with phosphorus pentasulphide results in the analogous
2,5-disubstituted 1,3,4-thiadiazol es(84),(85).
R1 CONHNHCOR2
a,p2s5 
-------------->
-h 2o
N — N
X  v
R l / \ s / X R2
1,2-diacylhydrazine
2,5-disubstituted 1,3,4-thiadiazole
Acid catalysis o f monothiodihydrazides leads exclusively to thiadiazole products, 
eliminating water, whereas base catalysis leads to preferred elimination o f hydrogen 
sulphide and the fonnation o f oxadiazoles(84).
N — N
OH
S 0
II II A
- X XRl ^  ^  \  R2 + h 2s
R'CNHNHCR2 oxadiazole hydrogen sulphide
monoUriodiaeylhydrazirLe'SSVsS s^ N — N
H+ /  \
R i ^ S
+ h2o
thiadiazole
Acylhydrazidic esters, prepared either from a hydrazide and or//?o-esters(86) or from 
imidic esters and hydrazides(87), cyclise to fonn 1,3,4-oxadiazoles.
N+H2C1"
II N  — N H  N  — N
II -n h 4c i >/ T  -c2h 5o h  / /  x
R‘CONHNH2 + R2C —  OC2H5 -------  >< J f  Y r O R i-------------> JL X
R2^ O C 2H5 R2 / X o A \ ri
hydrazide imidic ester
acylhydrazidic ester 1,3,4-oxadiazole
.syw-Triazoles can be prepared from hydrazides with an TV-substituted imine-type 
group, such as acylamidrazone (see overleaf). The nitrogen-containing substituent 
must be sufficiently nucleophilic to enable ring closure v ia  attack on the hydrazide
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carbonyl carbon. This reaction proceeds on heating in an alkaline or neutral medium, 
but oxadiazole formation is preferred in strongly acidic media(84),(88) (90).
N — N
OH
-> A  \  + h 20
h 2n \  < H
C ---- N NHCOR2 4//-l,2,4-triazole
R1^  \
_________ N — N
acylamidrazone + ^  If  \V +  N H 3
d 1 p2Jv w  iv  ammonia
1,3,4-oxadiazole
In acidic media, hydrazides react with 1,3-dicarbonyl compounds to give 1-acylated 
pyrazoles(9l),(92). The monohydrazone is first formed which is then cyclised through 
dehydration.
Pyrazolinones can be formed by the cyclisation o f (3-ketocarboxylic acid esters with 
1-acetyl-1-phenylhydrazines in the presence o f  phosphorus trichloride(93). Acetic acid 
is eliminated in this case.
P C I3 N
CH3CONNH2 + RCOCH2COOC2H5  > j
6  NH ./3-ketocarboxylic acid ester VQ
1 -acetyl-1 -phenylhy drazine pyrazolinone
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Pyrazolidinones are formed by heating a,|3-unsaturated carboxylic acid hydrazides(94).
CH3.
A
CH2 =  C —  CONHNH -------------- > -
<
/
— 
Z n a OJ
| ] A ------NH
c h 3 c h 3 0
a,|6-unsaturated carboxylic acid hydrazide
pyrazolidinone
1.3.4 Applications in Crosslinking o f Functionalised Polymers
Several patents(95)"(101) have described the use o f  amine-carbonyl condensations in the 
crosslinking o f functionalised polymers. The type using ketonic pendant groups along 
a polymer backbone reacting with an external crosslinking agent, such as a 
dihydrazide, is represented by the diagram below.
Depending on the number o f crosslinks achieved per polymer strand (expressed by 
weight this is termed the cro ss lin k  d e n s ity ), the effect on the physical properties o f the 
resulting three-dimensional polymer network can Tange from slight to pronounced. 
Solvent resistance o f films may be greatly improved, especially water-resistance from
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aqueous emulsion polymers. High crosslink densities tend to result in hard, brittle, 
inflexible films. Formulations for printing ink binders need to remain flexible for 
printing on plastic films so the crosslink density must be kept relatively low.
1.3.5 Mechanistic/Kinetic Studies o f  C = N  Fonnation
1 .3 .5 .1  S im p les t C a se  - A d d itio n  O f  A m m o n ia  To A ld e h y d e s
Ammonia reacts with aliphatic aldehydes to yield crystals o f hexahydrotriazines. In 
dilute aqueous solutions, however, a-amino alcohols are the preferred products 
instead o f aldimines002)>0° #
N H ,
NH3 + RCH=0
mmonia aldehyde
k,
R-CH  
I
OH
a - amino alcohol
=2* RCH=NH + H20
aldimine
K
HN
R
NH
H R
hexahydrotriazine
In aqueous solution at pH 9-11, formation o f a-amino alcohol and aldimine follow  
second-order kinetics with the reverse reaction being first-order0 02). The equilibrium 
constant (K eq) o f addition o f ammonia00#  urea(104) and some amides(36) to aldehyde 
compounds have been determined, where K eq =  k f k . j .  The product is mainly a-amino 
alcohol, but a small amount o f aldimine may also exist in equilibrium. The 
equilibrium constants tend to increase with increasing basicity o f  amines and 
electrophilicity o f  carbonyls00#
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1.3.5.2 Structural Effects on Equilibria and Rates
Kinetic studies on the formation o f Schiff bases, semicarbazones, oximes and 
hydrazones show these reactions are subject to both specific and general acid catalysis 
(se e  section 1.3.5.5). The essential mechanism is a two-step addition-elimination 
mechanism(106H113) (analogous to equations ©  and 0 ,  section 1.3.1).
The reactions involved in the mechanism o f formation o f Schiff s bases014) are 
summarised below.
Alkaline solution:
R'R’O O  + NH2R3 ;==2s  R'RCOHNHR3 (fast)
R‘R2COHNHR3 ;= * R'R^ONR3 + H20 (slow)
or
R'RCOHNHR3 5==^  R‘R2C=NHR3 + O K (slow)
Neutral and mildly acidic solution:
R‘R2C=0 + NH2R3 5=s R‘R2COHNHR3 (fast)
R‘R2COHNHR3 + H+ 5= * RlR2C(OH2)NHR3 (fast)
R‘R2C(OH2)NHR3 s= s R'R2C=NHR3 + H20 (slow)
Acid solution:
R‘R2C=0 + NH2R3 sf*  R‘R2COHNHR3 (slow)
R‘R2C=OH + NH2R3 5=* RR^OHNHfo (slow)
There is evidence0060010 that addition is rate-determining in acid media, but 
elimination is rate-determining in neutral and basic media. The reverse reaction, the 
hydrolysis o f Schiff bases, semicarbazones, oximes and hydrazones, is likely to 
proceed v ia  the same tetrahedral a-amino alcohol intermediate0 10)5(3150017). A ll these 
reactions have been reviewed014).
Ketones are usually less reactive than aldehydes in imine formation, but acid 
catalysts, higher temperatures and longer reaction times, encourage relatively good
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yields014!  Aromatic ketones are less reactive than aliphatic ketones, with sterically 
hindered ketones being particularly unreactive.
Electron-attracting groups in the carbonyl compound, or electron-releasing groups in 
the amine, accelerate the amine-carbonyl addition018!  For a given carbonyl 
compound, the relative rates o f condensation0191 increase in the order:
thiosemicarbazones >  semicarbazones >  oximes
A  study on the effect o f structure on oxime and semicarbazone formation shows the 
relative rates o f reaction0201 to decrease in the order:
acetone >  butanone >  pinacolone >  acetophenone
To date, no detailed study has been made on the structure-reactivity relationships o f  
hydrazone formation other than for phenylhydrazones.
1 .3 .5 .3  E ffec t o f  R ea c tio n  C o n d itio n s
The position o f the overall equilibrium can be changed by changing the solvent, 
acidity, or other reaction conditions, or by removing one o f the products. Often the 
water is removed by azeotropic distillation, in other cases the condensation product 
will precipitate (e.g. phenylhydrazones)02!
I f  the elimination is slow compared to the rate at which the addition equilibrium is 
attained, the addition compound will be the isolated product under a given reaction 
condition. The rate o f the elimination step can be more responsive to a change in 
reaction conditions than the rate o f the addition step, so that under one set o f  
conditions the intermediate is the isolated product while under other conditions the 
dehydration product is isolated. The effect o f these conditions on example systems 
have been reviewed014!
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A  second important case, exhibited by many reactions, is that in which the 
intermediate never accumulates to a measurable extent015!  Under these conditions 
the measured rate constant for the condensation may not be identifiable with any o f  
the individual rate constants, but may be a composite o f several o f the individual k  
values. In these cases interpretation o f reactivity data can be difficult014!
1 .3 .5 .4  C a ta ly s is
The nature o f the catalysis may vary with different reactions and is not completely 
understood in many instances014!  The difficulty arises from the fact that in most 
cases one or both o f  the reactants are weak acids or bases and are o f quite different 
acidity or basicity.
In general, carbonyl-containing compounds are activated by acids and amines are 
activated by bases. These reactions may therefore be subject to both acid and base 
catalysis. Possible carbonyl reactive species05) may be: free carbonyl (r ! r 2G =0 ), 
hydrogen-bonded carbonyl (R lR2C = 0 --H A ) and/or conjugate acid o f carbonyl 
( R t f O O H 1). Possible amine reactive species051 may be: free base (R N H 2),
hydrogen-bonded amine (RNH-H ---B ) and/or conjugate base o f amine (RNH"). The 
importance o f these species varies, depending on the reagents and conditions o f  
reaction.
Carbonyl compounds are such weak bases that the rate constants for amine addition 
to conjugate acids are expected to be much greater than those for free carbonyls. This 
arises from the fact that acid catalysis is observed at acidities where very low  
concentrations o f the conjugate acids are present. Acid catalysis is also when the 
attacking nucleophile is also a carbonyl compound (e .g ., aldol condensation) by 
converting it into the more nucleophilic enol. The dehydration step, like the 
dehydration o f all alcohols, is also subject to acid catalysis (se e  section 1.3.5.5). This 
applies to the fonnation o f C = N  from 0 = 0 , but not formation o f the aminoalcohol 
precursor. Owing to the nucleophilicity o f the nitrogen atom, the hydrazide is a base 
that loses its efficacy by conversion into its conjugate acid. Optimum acidity is found
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for greatest reactivity where the opposing effects o f the acid are most favourably 
balanced01#
Base catalysis020 is usually found in those condensations where the nucleophile is an 
active methylene compound. The base abstracts a proton to convert the reactant into a 
reactive anion.
RiCH-S-CR2 < ------->  R ‘CH=CR2
In some cases {e.g . Claisen-Schmidt°22) reaction) the dehydration step may be base- 
catalysed.
1 .3 .5 .5  O xim es, S em ica rb a zo n es  a n d  H yd ra zo n es
Semicarbazone formation is generally less complete for a given carbonyl compound 
under similar reaction conditions than oxime or phenylhydrazone formation02#  
Semicarbazone and thiosemicarbazone fonnation is reversible while, under similar 
conditions, oxime fonnation shows no measurable reverse reaction019) and 2,4- 
dinitrophenylhydrazone formation requires heating in acid solution0241 to reverse.
Discrete geometrical isomers may be identified in condensation products0141. These 
may be designated as syn  and a n ti according to the relative positions o f the groups 
adjacent to the double bond, or the E  and Z  terminology may be applied.
R _
> « p
H ^ O H
R OH
O
jw-aldoxime attft'-aldoxime
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For ketone derivatives, the syn  and a n ti designation is ambiguous, requiring one o f the 
R  groups to be specified in labelling such isomers, as the E  and Z  nomenclature 
allows. The energy barrier between syn  and a n ti isomers o f  Schiff bases is too low to 
facilitate isolation o f the discrete isomers. Many reports o f the successful isolation o f  
such geometrical isomers have been disputed014).
Nuclear magnetic resonance (N M R ) spectroscopy studies°25) o f organic solutions o f  
semicarbazones, phenylhydrazones and 2,4-dinitrophenylhydrazones o f aliphatic 
aldehydes and ketones show that condensation gives rise exclusively to the syn  isomer 
in which the bulky R  group attached to the imino N  bears a tra n s  relationship to the 
R 1 group, where R 2 is less bulky than R 1 and R 3. On standing, or on acidification, 
equilibration o f the isomers occurs.
The acid catalysis o f hydroxylamine and semicarbazide condensation in neutral 
solution involves catalysis o f the dehydration step, not catalysis o f the addition by 
forming the carbonyl compound conjugate acid °26). The intermediate has not been 
established.
Dehydration o f carbinolamines and hydrolysis o f oximes and semicarbazones are 
subject to both specific and general acid catalysis and have been reviewed014). The 
steps involved are shown on the next page.
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The steps involved in specific acid catalysis are:
H+
R'NHCOHR2
(fast)
R‘NH?CR*2 v  v  H20  + 
I (slow)
OH
R'NHCR22
4 ,
R'NH =  CR22 
R'NH CR2,
(fast)
R 'N = C R 22 + H+
The steps involved in general acid catalysis are:
1.3.6 Review o f Chemistries used in Patented Crosslinking Polymer Compositions
Numerous crosslinkable polymer compositions have been patented over the last sixty 
years or so. They were originally used in the paint and adhesive industries where 
compositions were required to dry at ambient temperature to give good solvent 
resistant films. The chemistries were later applied to the lacquer, leather treatment, 
textile finishing and printing industries where flexible, resistant coatings were desired 
from storage-stable one-pack or two-pack, preferably water-based or water-dilutable, 
compositions giving similar performance to the already available solvent-based 
systems.
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Early polymer compositions were based on formaldehyde0271 for crosslinking, but the 
drive over recent years for more user- and environmentally-friendly products has 
produced a plethora o f non-fonnaldehyde-containing compositions.
Aqueous (water-in-oil) emulsion formulations0281,0291 are usually preferred for their 
versatility and excellent viscosity control, but solution polymerisation techniques0*91 
resulting in compositions which may be infinitely dilutable with water0301 have also 
been described. Some emulsion formulations do not always provide the high water- or 
solvent-resistance required, even after crosslinking has been effected. Hydrophilic 
emulsifiers, usually employed in conventional waterborne emulsion polymerisation 
methods, are thought to result in high water absorption o f films0311 (possibly 
explaining their lack o f water resistance). Other dispersion techniques were 
developed in response to this belief. Carboxyl groups along polymer backbones may 
be neutralised or partly neutralised0321 with a relatively volatile organic amine001 or 
ammonia to enable dispersion or dilution in water. Amino groups may be 
protonated0331 to fonn cationic groups to enable dispersion in water.
Carbonyl groups along a copolymer backbone can react with polyhydrazides(95),(96) 
(e.g. adipic dihydrazide) or polyhydrazines0001 on removal o f water to form a 
crosslinked network. The crosslinking mechanism0*61,0011 is assumed to be based on 
the principle o f the well-known condensation reaction between the hydrazide group 
and the carbonyl group at ambient temperatures, whether in organic0341 or 
aqueous0351 media. Heavy metal ions°36) have been used to limit the formation o f free 
hydrazine (a  toxic substance) during storage with no detriment to the resultant film. 
Polyvalent metal ions°37),° 38) can be used to crosslink copolymers with carboxyl 
groups directly with amino alcohols0391, but high temperature cure is required. Use o f  
acid catalysts have been attempted, but apparently film water-resistance is 
reduced0311.
Variations on this effective carbonyl-amine condensation chemistry has seen the 
incorporation o f hydrazide groups along polymer backbones for crosslinking with 
external di- or poly-ketones0*71 or aldehydes0*91 to give water resistant films. Hydrazine
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derivatives o f the general formula [R N H N H 2]m. [H X ]n (where R  is an organic moiety 
and X  is a polar moiety) have even been employed as emulsifying agents(140) 
themselves, imparting desirable surface tension reducing effects and exhibit surface 
active characteristics. Diamines have also been employed to crosslink with aldehyde- 
functional groups in polymers(98) for fast ambient temperature cure.
Unsaturated esters o f certain acids, such as furoic acid°4l), have been reacted with 
unsaturated co-monomers to effect spontaneous crosslinking in films in the presence 
o f atmospheric oxygen(142). Isocyanates can be reacted with amino groups0 43),° 3 4) to 
give a similar effect, with good water-resistance. Phenol-formaldehyde, melamine and 
urea resins have been utilised in crosslinking reactions040. Experiments have also 
been carried out using epoxy resins°45) and epoxy-acrylic graft copolymers046) 
reacting with polyesters and amine derivative crosslinking resins. Water-resistant 
films have been successfully achieved using the monomer diacetone acrylamide with 
polyepoxide crosslinking agents047).
Aqueous silicone emulsions048) and aqueous polyurethane emulsions0490050 are also 
documented.
Water-in-oil emulsions have been successfully used as binders for printing ink 
formulations since the 1940’s, such as in a red bread wrapper ink°52). Early air-drying 
inks were improved by the addition o f metallic driers0 53). The drive for better ink 
adhesion and overall physical performance is now concentrating on the problem o f  
controlling such crosslinking mechanisms as those described above. I f  the reaction is 
too rapid, ink will dry prematurely in the ducts and on the rollers o f the printing 
apparatus - little may actually reach the intended substrate. A  sluggish reaction may 
occur in the reel and cause permanent blocking. Wash-up o f the printing machinery 
must also be considered.
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1.4 Reaction Mechanisms And Kinetic Calculations
1.4.1 Reaction Mechanisms
Reaction mechanisms are deduced by applying various physical chemistry techniques 
to the process. Apart from spectroscopy, one o f the most successful is the use o f  
kinetics. The reaction between two substances, such as a ketone (A ) and an amine 
(B ), may show
first-order kinetics, =  k x [X ]
d t
or second order kinetics, =  &2[X j2 or A ,[X ][Y ] or k 2 [Y ] 2
d t
where X  and Y  might be either A  or B; [] denotes concentration; k } is the first order 
rate constant; and k2, k'2 and k"2 are the second order rate constants for the described 
reactions. The implications o f each o f these kinetic equations are different; for 
example, the first equation suggests that the s lo w  stage o f the process (i.e . the rate- 
determining step) involves a change occurring only to a molecule o f X. This change 
need not involve the molecule X  itself. I f  a pre-equilibrium step involves another 
molecule M  (which is in large excess) reacting with X  to form an intermediate Z, the 
same effect occurs.
2^  =  i / [X ] =  =  Z ]
«  [X ][M ] k r
where K eq is the equilibrium constant, k j is the rate constant o f  the forward reaction 
and kr is the rate constant for the reverse reaction. The same alternatives are available
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when second-order kinetics are found. The true reactant may be fonned by a prior 
equilibrimn between the two reagent molecules whose concentrations appear in the 
kinetic equation.
1.4.2 Calculation o f Equilibrium and Rate Constants
The reaction between a ketone and an amine is often an equilibrium process.
R'\  R\  / R 3
\  kf  \  /
c — o  + R3 NH2 v -  c = N  + H-,0
/  /R2/ R2/
A B imine
The imine is only formed quantitatively i f  the water fonned in the equilibrium is 
removed continuously. The equilibrium process is reflected in the equations
_  [imine],, [H 2 O ], 
[A ]e[B ]e
and + i N = A /[A ][B ]-^ [im in e ] [H 20 ]
dr
k f
and, as K eq =  - j -
-drAl k f
then + - i  =  X fA lfB l  - -^ i ,m in e ] [H / j ]
fl t  R-eq
where [ ]e is an equilibrium concentration.
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Such kinetic equations can be solved mathematically. The forward rate constant, kj., in 
this example may be expressed in the equation
k *   t t ( t - x , x / [ A ] 0[B ]0)
'  ( [A ]0[B ]o -x .  )  fa x . - x
This is the integrated rate equation050 for the reaction
kf
A + B ------ =».■^5------
K
p + Q
assuming [P ]0 and [Q ]0 both equal zero. However, Q (H 20  in this case) is present in 
excess and may therefore be regarded as at constant concentration (since H20  is the 
reaction solvent). The derivation o f this equation is given in appendix 1.
When a more complicated reaction scheme is involved the simple mathematical 
treatment may fail. Rodiguin and Rodiguina°55) have proposed general equations to 
cope with sequential or simultaneous processes. Still more kinetically complex 
systems may be treated by iterative computer methods by calculating the 
consequences o f very small changes in time (and concentration) upon the observed 
concentration o f the formal reagents. Changes in the associated rate constants o f each 
o f the elementary steps alter the way in which the concentrations o f the reagents and 
intermediates change with time. These calculated changes may be matched with the 
experimentally observed changes - goodness o f  fit is taken as a measure o f the 
correctness o f the reaction scheme and the derived rate constants.
1.4.3 Equilibrium Constants from 'H -N M R  Data
The peak height ratio (PR ) o f product to reactant, from comparison o f the peak proton 
integral measurements, may be calculated from the following equation
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JrJtv
product peak height +  reactant peak height
The peak height ratio at equilibrium (PReq) may be used to detennine the equilibrium 
constant K eq using the following simple formulae
X
i f  *■* =  ( [A ]„ - x eX [B ]„ -x J
is  P R e f i  1
~  ( l-P R e q )  ( [B ] 0 - x 0) 
where, for the initial reactant concentrations, [A ]0 <  [B ]0; and Xg =  PR eq.[A ]0.
This equation represents a bimotecular reaction where Xg is the concentration o f  
product formed at equilibrium, ( [A ]0 - Xg) is the concentration o f reactant A  at 
equilibrium, and ( [B ]0 - Xg) is the concentration o f reactant B at equilibrium, assuming 
that one mole o f each reactant reacts to form one mole o f  product.
1.4.4 Rate Constants from ^ -N M R  Data
By using peak height ratios to calculate concentrations o f products and reactants at 
any time t during the reaction, second-order rate constants kf may be detennined from 
the integrated rate equation previously described:
_  product peak height
-m  x* i -c X e  i f X e ( l  — Xe .  X  /  [A ]Q [B ]Q )A . A . ,
Therefore, a plot o f -------------------- 5— In ----------------------- 2-----—  against t  m seconds
( [A ]0[ B] 0 -Xe ) V X c - x  )
should yield a linear line o f slope =  kf(M ~l).
The value o f  the reverse first order rate constant kr may then be calculated from the
k f
relationship K eq =  — .
k r
This equation may be compared to the classic linear relationship, y  =  mx +  c.
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1.5 Scope of The Present Work
1.5.1 T arget Compositions
The present work targets novel ambient temperature crosslinking hydrophilic 
polymers for use as carrier systems for printing ink pigments and other additives. The 
resultant dry coating should be water-resistant and have good wetting, adhesion and 
film forming properties on a flexible low  density polyethylene (LD PE ) substrate. The 
film should not release harmful substances (e .g . hydrazine) on storage in order to be 
acceptable for food packaging. Environmental legislation regarding solvent release to 
the atmosphere must be complied with and, as far as possible, one should avoid the 
use o f novel low molecular weight monomers due to the cost o f their registration.
1.5.2 Kinetic Studies
Condensation reactions between pendant carbonyl groups along the polymer 
backbone and hydrazide groups in a second compound is one process by which 
crosslinking may occur. In principle, this results in the formation o f oxime, imine or 
hydrazone types o f system, but in practice several structures could be formed from 
other side reactions. Work was carried out to identify these structures, leading to a 
better understanding o f the overall reaction and indicating methods by which the 
reaction could be controlled. The reaction o f a range o f carbonyl derivatives with 
hydrazides in aqueous environments was kinetically investigated for dependence o f  
rate o f reaction on: structure o f ketone, structure o f hydrazide, pH o f aqueous 
enviromnent, concentration and side product formation.
1.5.3 Aims and Obi ectives
The aims and objectives o f the research were defined as:
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• To discover how aqueous polymer systems react through crosslinking to give an 
insoluble coating on drying, and how the reaction may be controlled;
• To determine by experiment the effectiveness o f carbonyl-pendant monomers in 
similar model polymer compositions, through subjective testing with various 
potential crosslinkers;
• To carry out testing o f  the said model polymers against a commercially available 
general film-forming composition (known to utilise self-crosslinking) to detennine 
whether the expected operating mechanism is occurring, and set physical targets 
for new compositions specific to printing ink formulations.
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Chapter 2
Experimental
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2.1 Description of Instrumentation
2.1.1 Nuclear Magnetic Resonance (N M R ) Spectroscopy
A  pulse Fourier Transform 300 M Hz Bruker AC-300 nuclear magnetic resonance 
spectrometer was used as the main analytical tool throughout this project. Solutions 
were presented in 5 mm precision ground glass N M R  tubes at the controlled 
temperature o f 25 °C  (298K).
Solutions consisted o f 30-50 m g  sample for }H  spectra in 0.5 m l o f solvent, either D 20  
(deuterated water) or CDC13 (deuterated chloroform). The peak at 4.76 p p m  present in 
all *H spectra is the H O D  peak from the exchange o f exchangeable protons with 
deuterons from the D 20  solvent. This is used as a reference peak for the positions o f  
the other peaks, since tetramethylsilane (T M S ) is insoluble in D 20.
The sample size for a routine 13C  spectrum was 50-100 m g  in 2 m l o f  CDC13. The 
internal standard was TM S which gave a reference peak at 0 p p m . The CDC13 itself 
gave a triplet at 77 p p m , which could also be used as a check. This technique was 
mainly employed to give information on the 0 = 0  and C = N  species present in reaction 
mixtures.
Useful information on the proton multiplicity o f  each carbon atom was further 
obtained by running a DEPT135 program (Distortionless Enhancement by 
Polarisation Transfer through 135°). This type o f experiment acts by exciting the 
carbon atoms v ia  the protons attached to them. Thus, i f  no protons are attached 
(quaternary carbon atoms, such as C = 0  and C = N  or -C -) then no peak appears in the 
DEPT 135 spectrum. The program is designed to give positive peaks (above the 
baseline) for CH  and CH 3 groups and negative peaks (below the baseline) for CH2 
groups. I f  both the normal spectrum and the D EPT 135 spectrum are printed on the 
same axes it is easy to assign carbon multiplicity.
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2.1.2 Infrared (IR ) Spectroscopy
A  Perkin-Elmer System 2000 FTIR spectrometer was used to obtain further 
infonnation about the carbonyl groups present in adduct products in comparison to 
the parent compounds. Solid compounds were finely ground and presented integrated 
into potassium bromide plates at approximately 1% concentration. Liquid samples 
were presented as one drop sandwiched between potassium bromide (K Br) plates. 
Spectra were calibrated against accurately known bands o f polystyrene to allow for 
any variations in the spectrometer.
2.1.3 Elemental Analysis (Microanalvsis)
Confirmation o f the identification o f extracted solid products was gained from 
elemental analysis results. A  Leeman Laboratories 440 Elemental Analyser was used.
2.1.4 Dielectric Thermal Analysis (P E T A )
A  Polymer Laboratories Dielectric Thermal Analyser was used to analyse aged 
polymer films on corona discharge treated PE substrate over the temperature range 
-80°C to +110°C (the maximum temperature the substrate can withstand). The low  
temperatures were achieved with liquid nitrogen and the method allowed the 
temperature to increase at a rate o f IK  min"1. Data was recorded every 4 seconds.
A  polymer film was drawn onto the substrate, subjected to a hot air blower for a few  
seconds to dry the film, then samples were cut and tested: (a ) immediately; (b ) after 4 
hours at room temperature; and (c ) after 24 hours at room temperature. Each film 
sample gave a characteristic profile reflecting changes in molecular motion with 
temperature. The common peak to all profiles, at around -25°C  to -30°C, is attributed 
to the Tg o f the PE substrate (quoted as being about -20°C(156)). Rescaled profiles 
show integral changes taking place at lower temperatures.
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2.1.5 Thermogravimetric Analysis (T G A )
A  Perkin-Elmer Series 7 Thermal Analysis System was used to measure the chemical 
stability o f  polymer samples by a thermogravimetric method. The sample is heated 
within a microbalance, and its weight recorded as a function o f temperature. The 
program used was a temperature ramp o f 5K min'1 from 22°C to 750°C. At lower 
temperatures, adsorbed water is lost first, then adsorbed solvents and unreacted 
monomers. At higher temperatures the polymer begins to decompose, usually with the 
loss o f  volatile decomposition products. Polymers with low  ceiling temperatures may 
depolymerise, converting back to monomer and leaving almost no residue.
2.1.6 Differential Scanning Calorimetry (D S C )
A  Perkin-Elmer Series 7 Thermal Analysis System was used to measure the chemical 
stability o f  polymer samples by a differential scanning calorimetry method. This 
measures the heat flow in a sample as a function o f applied temperature. The sample 
o f polymer (10-20 m g) was presented sealed in an aluminium pan and subjected to a 
temperature ramp o f 10K min'1 from -25°C to 500°C. The magnitude o f heat capacity 
depends on the nature o f the molecular movement in the material. It is large when 
many modes o f movement are activated and small when they are frozen. Abrupt 
changes are observed at the Tg.
2.1.7 Gel Permeation Chromatography with Mass Detector (G PC -M D )
The GPC equipment comprised a Waters M6000A pump with a Kontron 360 
Autosampler, connected to a Waters Mass Evaporative Detector ACS750/14 at 40°C. 
A  chromatogram showing the total mass o f eluent measured (calculated by the 
computer from the reduction in the intensity o f  the light incident on the detector) 
against elution time recorded was given.
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The elution solvent was tetrahydrofuran (THF, water-miscible). The equipment was 
calibrated using known molecular weight polymer solutions (1%  concentration in 
THF) in order to enable estimation o f the molecular weights (M W ) represented by 
each peak in model polymer chromatograms (also 1% concentration in THF). For 
polymers incorporating a low molecular weight crosslinker, two sets o f columns were 
used and calibrated.
For the high molecular weight species, a set o f  three consecutive PLGEL columns 
packed with polystyrene beads o f 10 p  pore size were calibrated with 106, 105, 104, 
and 500 A poly(methyl methacrylate) standards.
For the low molecular weight species, a set o f  three consecutive PLGEL columns 
packed with polystyrene beads o f 5 ju. pore size were calibrated with 104, 103, 500 and 
100 A poly(styrene) standards.
2.1.8 Gas Chromatography (G C )
Various types o f gas chromatography apparatus were used with different detectors 
according to samples presented. As far as possible the same program was used in each 
case: an injection temperature o f 70°C with temperature ramp o f 10K min'1 up to 
300°C. The sample load was 1 jjI  o f  a 1% solution in THF with hydrogen as the 
carrier gas. A  brief description o f each detection method follows.
2 .1 .8 .1  F lam e Io n isa tio n  D e te c to r  (FID )
A  PY E  Unicam P U  4550 Gas Chromatograph with Flame Ionisation detector was 
used with a 10 m BP1 capillary column. A  split technique o f approximately 20:1 (a  
dilution factor) was employed to enhance sensitivity. The injector was at 250°C and 
the detector temperature was 280°C. Sample load was 0.2 jul o f a 1% solution in THF. 
The initial temperature was held at 150°C for three minutes, then increased by 10K 
min'1 to 200°C and held for 20 minutes. The number o f components and their relative
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quantities, based 011 peak area ratios, present in the sample were recorded in terms o f  
their retention times.
2.1.8 .2  M a ss  S p e c tro m e te r  D e te c to r  (M S) a n d  P y ro ly s is -G C M S
A  Hewlett Packard 5970 Series Mass Spectrometer detector was connected to a 
Hewlett Packard 5970 Series Gas Chromatograph. The program used was the same as 
the FID analysis using a split ratio o f  50:1 for samples requiring improved sensitivity. 
The technique gives quantities o f  the mass fragments obtained on breakdown o f each 
component.
Computer software was used to compare sample component mass spectra with an 
extensive library (database) o f  the mass spectra o f  known compounds to assist their 
identification. However, the database is rather limited in the number and type o f  
compounds held and only the mass spectrum is held, not the elution times o f the 
peaks or the experimental conditions under which they were obtained. For greatest 
accuracy, the coincidence o f both the peak elution times and peak positions in the 
spectrum are required. Therefore, unless the computer claimed over 90% probability 
that a particular compound was present and every peak matched in its mass spectrum, 
not too much emphasis was placed on the evidence from the database.
Pyrolysis-GCMS was performed using the same equipment but varying the method 
program. Two general temperature methods were employed: 610°C to pyrolyse all the 
solution components and record the mass spectrum o f each; and 250°C to obtain 
information only on the volatiles (theoretically) present in the sample. In each case a 
solvent delay period was required, usually o f  three minutes duration, prior to 
commencement o f data collection in order to avoid swamping the chromatogram.
2 .1 .8 .3  In fra red  D e te c to r  (IRD)
A  Hewlett Packard 5965A  Infrared detector was connected to a Hewlett Packard 5890 
Series II Gas Chromatograph. The general program was employed using 1% sample
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solutions in THF. Computer software was used to compare the results with an 
extensive database o f infrared spectra o f  known compounds in order to identify the 
sample components.
2.1.9 High Pressure Liquid Chromatography with U V  Detector (HPLC-UV1
HPLC apparatus with a Waters M6000A pump and reverse phase C J8 column (15 cm 
Novapac metal) was connected to a Waters Photodiode Array-M990 detector. The 
detector covered the X range 190-349 nm. Auto-injected 50 /ul samples o f  1% aqueous 
solutions were eluted at a flow rate o f  0.35 m l min"1 with an elution mixture o f  water 
and acetonitrile in variable proportions. Distinct peaks are expected for each sample 
chromatogram according to absorption with respect to wavelength o f each component 
present.
2.1.10 Particle Sizing By Light Scattering
Particle sizes o f emulsion polymers as very dilute aqueous solutions were determined 
using a laser light scattering method. A  Malvern Zetasizer 3 instrument was used at 
the controlled temperature o f 25°C.
2.1.11 Preparative Thin Laver Chromatography (Prep Tic)
Sample mixtures were dissolved in an equal volume o f the chosen solvent system, a 
2:1 mixture o f  hexane and ethyl acetate, and applied to a 200 x 200 mm glass prep tic 
plate with 1 mm silica coating as 50 spots o f  0.2 /ul solution each. The plates usually 
took around two hours to run to completion. The major fractions, identified by U V  
light, were collected for further analysis.
66
Collected fractions were separated from the silica support by washing with diethyl 
ether through filter paper. The ether was removed by rotary evaporation and the 
resulting oil taken up in a small quantity o f chloroform ready for analysis. GC-FID, 
G C-M S and N M R  were the techniques used to identify the fraction components. The 
programs used were kept as similar as possible to enable a close comparison o f data.
2.1.12 Solids Content Determination
The solids content o f polymers was measured by evaporation to constant weight, 
usually two hours in a 110°C oven fitted with an extractor fan.
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2.2 Commercially-Sourced Chemicals and Solvents
Commercial grade materials were used at the highest purity available without further 
purification since this project is concerned with commercial applications. The 
exception was acetic hydrazide, which contained up to 20% acetic acid impurity. This 
was purified by distillation under reduced pressure with the rejection o f a forerun 
containing acetic acid and a little water. !H -N M R  spectra showed the quantity o f  
acetic acid to be reduced to an acceptable level o f  about 5%. The effect o f  impurities 
in commercially produced polymer systems would be o f  interest, so kinetic 
experiments were conducted using both the purified and unpurified acetic hydrazide 
materials to observe possible differences due to level o f  acetic acid present.
A  table showing relative molecular mass, purity and source o f chemicals (including 
general solvents and N M R  solvents) used in this study is given in appendix 2.
The relationship between the carbonyl compounds chosen as models for study is 
shown below.
CH3 -CO-CH2 -X
where X  =  H, acetone; OH, hydroxyacetone; CH3, butanone; C (O H )(C H 3)2, diacetone 
alcohol; C 0 2CH2CH 3, ethyl acetoacetate; C (C H 3)2N H C O C H =C H 2, diacetone 
acrylamide. 3-Hydroxy-2-butanone CH 3-C O -C H (O H )-C H 3 and pinacolone CH3-CO - 
C (C H 3)3 were also used. Since diacetone acrylamide contains a potentially reactive 
C =C  bond, the saturated equivalent (diacetone propanamide) was synthesised as a 
simple direct comparison. Section 2.3.1 describes the synthetic procedure.
Polymers containing different monomers with carbonyl pendant groups were desired 
in order to represent the carbonyl systems in the low molecular weight model 
compounds studied. However, the preferably ketonic monomers were required to 
possess an acrylate or acrylamide functionality for maximum compatibility when 
polymerising into an acrylate backbone. Since only two suitable monomers were
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commercially available, i.e. diacetone acrylamide (D A A M , Aldrich) and 
acetoacetoxyethyl methacrylate (A A E M , Eastman Chemical Co.), four others were 
synthesised (see  section 2.3.2).
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2.3 Lower Molecular Weight Synthesis Work
2.3.1 Synthesis o f Diacetone Propanamide
A  method based on the Ritter reaction was used in an attempt to synthesise diacetone 
propanamide (D A P M ) as a model for diacetone acrylamide (D A A M ). The method 
used by Parris0 57) to synthesise TV-benzyl acrylamide from benzyl alcohol and 
acrylonitrile was adapted. The trial experiment aimed for about 10 g o f  D APM , but 
quality rather than quantity was the first priority in order to establish the correct 
reaction product.
2 .3 .1 .1  P ro c e d u re
0 o o
c W , „ .
• . i i i  diacetone propanamidepropiomtnle diacetone alcohol _ . 'vr . K. , _.DAPM M 171
20.9 g (0.38 moles) o f propionitrile (Aldrich, 99%) was placed in a 250 m l three­
necked round-bottomed flask equipped with mercury seal gland and overhead stirrer, 
125 m l dropping funnel, and thermometer. The flask was immersed in an ice-water 
bath, and 7.5 m l concentrated sulphuric acid was added dropwise over a period o f 45 
minutes while the temperature was maintained at 0-5°C. From a clean, dry dropping 
funnel, 11.6 g (0.10 moles) o f diacetone alcohol (Aldrich, 99%) was added dropwise 
over half an hour at the same temperature. The clear, green mixture was held below 5 
°C  for another 3 hours. During this time the colour o f  the mixture slowly changed 
from pale green through dark green, then brown to burgundy. After this time, the 
mixture was allowed to warm slowly to room temperature. After 2 days o f stirring at 
room temperature (21-23°C) the dark burgundy coloured mixture was poured into an 
ice-water mixture. The mixture was thoroughly shaken and the resulting oil extracted
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with ethyl acetate. The combined organic extracts were washed with saturated sodium 
chloride solution, saturated sodium hydrogen carbonate solution, and again with 
saturated sodium chloride solution. The neutral ethyl acetate extract was dried over 
anhydrous magnesium sulphate then gravity-filtered. The solvent was removed by 
rotary evaporation and the crude product distilled under reduced pressure (under full 
water vacuum). A  residual solvent forerun was rejected and two liquid fractions were 
collected in chilled receivers - first, a yellow oil (A , 73-77°C, 1.3 g), then a dark 
yellow oil (B , 78°C, 0.6 g).
2 .3 .1 .2  P ro d u c t P u rifica tio n  a n d  C h a ra c te r isa tio n
F TIR  - The disappearance o f the C =N  peak (at 2247 cm '1 in the propionitrile 
spectrum) and the -OH  peak (at 3446 cm '1 in the diacetone alcohol spectrum) in the 
spectrum for sample B  was a good indication o f the formation o f  diacetone 
propanamide, together with the expected formation o f  several secondary amide peaks 
(at 3320 cm '1, 3071 cm"1, 1651 c m 1 and 1541 cm"1). Sample A  was rejected since the 
amidic peaks were present at only very small proportions in its FTIR spectrum.
N M R  - Samples were dissolved in CDC13. The ]H -NM R , 13C -N M R  and DEPT 135 
spectra obtained for sample B  showed one major product with several smaller 
impurity peaks. The amide methyl, acetyl methyl and two equivalent methyls were 
identified at 8 1.1 p p m , 2.0 p p m , and 1.4 p p m  respectively, in the 'H -N M R  spectrum. 
Methylene groups were also identified at 8 2.1 p p m  and 2.9 p p m . Quaternary carbons 
were identified in 13C -N M R  spectra at 8 209 p p m  (acetyl C = 0 ), 173 p p m  (amidic 
C = 0 ), and 52 p p m  (-C -).
G C  A n a ly s is  - Samples o f product B  and the starting materials (as solutions in 
chloroform) were subjected to analysis by gas chromatography in order to observe 
and possibly identify the impurities present. Product B  gave a very complicated 
chromatogram giving no further useful information, with some peaks corresponding 
to residual starting material. The need for further purification was evident.
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P u rifica tio n  b y  P re p  T ic - This purification method was chosen due to the small 
quantity o f sample with which to work (about 0.5 g by this stage). The experimental 
details for this technique are described in section 2.1.11. Resulting fractions (one 
major and several minor) were analysed by GC-FID  and GC-M S in comparison with 
the parent compounds. The minor fractions showed several small peaks, rather than 
one large peak with a couple o f  impurity peaks like the major fraction. Mass spectra 
o f these small peaks showed only low  molecular weight species. However, the mass 
spectrum o f the large peak (accounting for approximately 95% o f the major fraction) 
contained peaks consistent with the breakdown o f a DAPM -like structure. Peaks 
appeared at the following m /z  units: 15 (C H 3+), 29 (C H 3CH2+), 43 (C H 3CO+), 58 
(C H 3CH2CO H+), 100 (C H 3C O C H 2C (C H 3)2H f), 114 (M -C H 3C O CH 2+), 128 (M -  
C ^ C O # ,  156 (M -C H 3+), and 171 (M +). The mass spectrum is given in appendix 3. 
Clean ^ -N M R  spectra (with assigned peaks as previously described) confirmed the 
major fraction contained D A PM , together with the elemental analysis. The elemental 
content was found to be: C  63.93%, H  9.92%, N  8.18%. Required for C 9H 17N 0 2: C  
63.16%, H  9.94%, N  8.19%. The nitrogen content in particular agreed very well with 
the expected theoretical value, even though a small amount o f  impurity was known to 
be present.
2.3.2 Monomer Synthesis Methods
Two methods were employed to synthesise four ketonic acrylate monomers.
2 .3 .2 .1 M e th o d  I: A lc o h o l + A c id  C h lo r id e
-HC1
R-OH + c h 2= c h -c o -c i --------- >  r - o - c o - c h = c h 2
alcohol acryloyl chloride aciylate ester
0.3 Moles o f an alcohol was dissolved in 60 m l triethylamine (Aldrich, 99%) with 
cooling in an ice-salt bath and overhead stirring. When the temperature stabilised
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below 5°C, 0.3 moles acryloyl chloride (Aldrich, 96%) was slowly added with 
vigorous stirring keeping the temperature below 20°C. A  precipitate o f  triethylamine 
hydrochloride (NEt3.HCl) was formed during the reaction. When addition was 
complete (over a period o f about 2 hours) the mixture was stirred for a further hour 
below 5°C. The colour o f  the reaction mixture changed from orange to yellow during 
this time. The mixture was allowed to come to room temperature and 100 m l distilled 
water added with stirring to dissolve the NEt3.HCl precipitate. The mixture was 
poured onto ice and water and 150 m l diethyl ether (BDH , 99.5%) was added with 
stirring to transfer the product from the aqueous solution. The organic phase was 
separated off, washed with aqueous sodium hydrogen carbonate solution until 
effervescence subsided, washed with water, then dried over anhydrous sodium 
sulphate. The solution was gravity filtered and the solvent removed by rotary 
evaporation at full water vacuum using a water bath at 50°C to yield the crude 
acrylate ester product. The crude product was stored in a refrigerator.
2 .3 .2 .2  M e th o d  2: A lc o h o l +  C a rb o x y lic  A c id
-H20
R-OH + CH2=CH-CO-OH ► R-0-C0-CH=CH2
alcohol acrylic acid acrylate ester
0.1 M ole acrylic acid (Aldrich, 99%), 0.1 mole alcohol and p-toluenesulphonic acid 
(1.0 g, catalyst, Aldrich, 98.5%) were dissolved in pyridine (90 m l, Aldrich, 99+%) 
with overhead stirring. After slow addition o f D C C  (0.12 moles 
dicyclohexylcarbodiimide, dehydrating agent, Lancaster, 99%), the solution was 
stirred at room temperature for 24 hours. Acetic acid (10 m l glacial, Aldrich, 99%) 
was added slowly with stirring, and the mixture kept overnight at 4°C  (refrigerator). 
The resulting crystals were filtered o ff and washed with portions o f cold pyridine. 
Chloroform (100 m l) and ice (100 g ) were added to the filtrate and the mixture 
acidified, with 3TV hydrochloric acid. The phases were separated and the organic phase
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washed with water, then aqueous sodium hydrogen carbonate, then again with water 
and dried over anhydrous sodium sulphate. The solution was gravity filtered and the 
solvent removed by rotary evaporation at full water vacuum using a water bath at 
50°C to yield the crude acrylate ester product. The crude product was stored in a 
refrigerator.
2 .3 .2 .3  R esu lts
Optimisation o f  these methods yielded: acetonyl acrylate (A A C , 42% yield); 
diacetone alcohol acrylate (D A A C , 58% yield); 3-hydroxy-2-butanone acrylate (2-B- 
3-AC, 37% yield); and 4-hydroxy acetophenone acrylate (AP-4-AC , 31% yield). The 
structures are shown below.
acetonyl acrylate diacetone alcohol acrylate
(AAC, RMM 128) (DAAC, RMM 170)
0
O
1
3-hydroxy-2-butanone acrylate 
(2-B-3-AC, RMM 142)
O
4-hydroxy acetophenone acrylate 
(AP-4-AC, RMM 190)
Method 1 worked well for the synthesis o f acetonyl acrylate from hydroxyacetone 
(Aldrich, 90%) and diacetone alcohol acrylate from diacetone alcohol (Aldrich, 99%). 
Method 2 worked most successfully for the synthesis o f 3-hydroxy-2-butanone 
acrylate from 3-hydroxy-2-butanone (Aldrich, 95%) and 4-hydroxy acetophenone 
acrylate from 4-hydroxy acetophenone (Aldrich, 98%).
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Diacetone alcohol acrylate was best obtained using a slight variation o f method 1. 
Diethyl ether (100 m l) was added to the reaction mixture and the mixture brought to 
gentle reflux, using a water bath at 35-45°C, prior to the addition o f acryloyl chloride. 
Dropwise addition o f acryloyl chloride was carried out such that moderate refluxing 
continued after the heat source had been removed. The reaction mixture was heated 
for one hour at 35-45°C then allowed to come to room temperature. Work-up was 
continued as described in method 1.
Distillation under reduced pressure was used to purify the liquid or low melting solid 
crude products.
2 .3 .2 .4  P ro d u c t C h a ra c te r isa tio n
Samples o f  the crude products and each distilled fraction were dissolved in CDC13 
and their !H -N M R  spectra were compared with the starting materials. 13C -N M R  
spectra (with DEPT-135 spectra) were obtained for the purest fraction o f each 
product. Samples o f each distilled fraction were also analysed by G C-M S as 
approximately 2% solutions in CHC13. FTIR spectra were obtained for the liquid 
products showing general acrylate and unsaturated peaks but were not as easy to 
resolve individually.
One crude A A C  product was a yellow liquid which was shown by G C -M S to be 
approximately 95% pure, containing only a few  very small impurities, so it was not 
purified further. The major peak gave a mass spectrum (shown in appendix 4) 
consistent with an AAC-like structure, with peaks at the following m /z  units: 15 
(C H 3+), 27 (C H 2=C H +), 43 (C H 3CO +), 55 (C H 2=C H C O +), 98 (C H 3C O C H =C (C H 3)2+), 
and 128 (M +). The ’H -N M R  spectrum gave peaks at the expected p p m  positions and 
showed only two small impurity peaks with no polymerisable groups. The acetyl C H 3 
peak had 8 2.1 p p m , the CH2 had 8 4.7 p p m , and the C H =CH 2 protons appeared as a 
set o f  eight peaks in the 6.5-5.5 p p m  region in the expected ratio 1:1:1 (as 
doublet:quartet:doublet). The 13C -N M R  spectrum was clean and all peaks present 
were assigned to the A A C  structure: C O -C H 3 at 8 202 p p m ; CO -O - at 165 p p m ;
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C H 2=C  at 132 p p m ; -C H = at 127 p p m ; CH 2 at 65 p p m ; and CH3 at 26 p p m . (The 
observed C  atom is indicated by C  i f  more than one is mentioned.) Other crude A A C  
products were heavily contaminated and dark orange-brown in colour. Distillation 
fractions were colourless liquids and gave similar GC-M S chromatograms and 13C- 
N M R  spectra to those described above.
The red-orange liquid crude D A A C  product was also purified to yield a pale yellow  
liquid fraction. This was shown by G C -M S  to be approximately 98% pure, containing 
only one small low molecular weight impurity. The major peak gave a mass spectrum 
consistent with a D AAC-like structure when compared to the mass spectrum o f  
diacetone acrylamide (D A A M ), since the two compounds differ only by the 
replacement o f the N H  group in D A A M  by an O  atom in D AAC . The peak at 155 m /z  
units was deemed to correspond to the D A A C  molecular ion o f 170 i f  the terminal 
methyl (15 m /z  units) was lost, since the equivalent D A A M  (M W  169) molecular ion 
appeared at 154 m /z  units (due to loss o f  the terminal methyl). The mass spectrum 
(shown in appendix 5) was consistent with a D AAC -like structure, with peaks at the 
following m /z  units: 15 (C H 3+), 27 (C H ?= C ir ) ,  43 (C H 3CO +), 55 (C H 2=C H C O '), 98 
(C H 3C O CH =C (C H 3)2+), and 155 (M -C H 3+). 'H -N M R  and 13C -N M R  gave clean 
spectra with all peaks assigned to the D A A C  structure. The ’H -N M R  spectrum 
showed the acetyl CH3 peak at 5 2.1 p p m , the CH 2 at 8 3.0 p p m , the alkyl CH3 peak at 
8 1.5 p p m , and the CH =CH 2 protons appeared as a set o f eight peaks in the 6.5-5.5 
p p m  region in the ratio 1:1:1 (as doublet:quartet:doublet). The 13C -N M R  spectrum 
showed the following peaks: C O -C H 3 at 206 p p m ;  CO -O - at 165 p p m ; C H 2=C  at
130.0 p p m ; -CH = at 129.7 p p m ; -C - at 80 p p m ;  CH2 at 52 p p m  (next to a quaternary 
carbon); two equivalent CH3 groups at 32 p p m ;  and terminal CH3 at 26 p p m .
Crude 2-B-3-AC was a dark yellow-orange viscous liquid while under rotary 
evaporation but turned almost solid after a few  minutes standing at room temperature. 
During storage at 4°C  the product turned solid and a hot air blower was required to 
aid transfer to the distillation equipment. Once the oil bath reached about 60°C, the 
product remained in the liquid state and distillation under reduced pressure was easily 
carried out to yield a colourless liquid product fraction. Two impurity peaks were
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shown by the GC-M S chromatogram. The mass spectrum o f the major component 
(present at approximately 90%) gave peaks consistent with a 2-B-3-AC-like structure 
(shown in appendix 6) at the following m /z  values: 15 (C H 3+), 27 (C H 2=C H +), 43 
(C H 3C O +). 55 (C H 2= C H C 0 +), 98 (M -C O ,+), and 142 (M +). The 'H -N M R  spectram 
gave peaks at the expected p p m  positions and showed the presence o f a small amount 
o f 3-hydroxy-2-butanone parent compound, which had no polymerisable groups and 
was therefore not further purified, The *H -NM R spectrum showed the acetyl CH3 
peak at 8 2.2 p p m , the alkyl CH 3 peak at 8 1.4 p p m  as a doublet, the CH  peak as a 
quartet at 8 5.1 p p m  and the C H =C H 2 protons appeared as a set o f eight peaks in the
6.5-5.5 p p m  region in the ratio 1:1:1 (as doublet:quartet:doublet). The 13C -N M R  
spectrum confirmed the presence o f  a small quantity o f  3 -hydroxy-2-butanone, with 
all the major peaks assigned to the 2-B -3-AC structure: C O -C H 3 at 205 p p m ; CO -O - 
at 165 p p m ; CH 2=C  at 132 p p m ; -C H = at 128 p p m ; -CH - at 75 p p m ; acetyl CH3 at 26 
p p m ; and the other CH3 at 16 p p m .
Crude AP -4-AC  was a pale yellow solid which was not purified further since the 
impurities, shown by GC-M S, were at low concentration and 'H -N M R  and 13C -N M R  
spectra showed the impurities had no polymerisable groups which could interfere 
with an emulsion polymer preparation. The mass spectrum o f the major component 
gave peaks consistent with a AP-4-AC-like structure (shown in appendix 7) at the 
following m /z  values: 15 (C H 3+), 27 (C H 2=C H +), 43 (C H 3CO +), 55 (C H 2=C H C O +), 
and 190 (M +). The 1 H -N M R  spectrum gave peaks at the expected p p m  positions and 
showed the presence o f a small amount o f 4-hydroxy-acetophenone parent compound. 
The XH -N M R  spectrum showed the acetyl CH3 peak at 8 2.6 p p m , the o rth o -aromatic 
C H  peak at 8 8.0 p p m  as a doublet, the m e ta -aromatic CH  peak at 8 7.3 p p m  as a 
doublet, and the CH=CH2 protons appeared as a set o f eight peaks in the 6.7-6.0 p p m  
region in the ratio 1:1:1 (as doubletquartet.doublet). The 13C -N M R  spectrum 
confirmed the presence o f a small quantity o f  4-hydroxy-acetophenone, with all the 
major peaks assigned to the AP -4 -AC  structure: C O -C H 3 at 197 p p m  (attached to an 
aromatic ring); CO -O - at 164 p p m ; C H 2= C  at 133 p p m ; -C H = at 129 p p m ; aromatic 
m eta -acrylate -CH- at 130 p p m ; aromatic or/rio-acrylate -CH- at 122 p p m ; and acetyl 
C H 3 at 26 p p m .
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2.4 High Molecular Weight Polymer Synthesis
2.4.1 General Monomers
The monomers used in this section were sourced from Aldrich Chemical Co., except 
A A E M  which was obtained from Eastman Chemical Co. The abbreviated names used 
throughout this thesis are shown below, together with the relative molecular masses 
(R M M ) and purity.
Monomer Abbreviation R M M %  Purity
«-butyl acrylate B A 128.17 99+
methyl methacrylate M M  a 100.12 99
acrylic acid A A 72.06 99
acetoacetoxyethyl methacrylate A A E M 214.22 95
diacetone acrylamide D A A M 169.23 99
2,4.2 Solution Polymerisation Method
A  flange flask was charged with 220 g solvent (isopropanol) and equipped with 
overhead stirrer, thennometer, condenser and monomer inlet. The solvent was heated, 
by an electric heating mantle, with stirring to reflux (at 83 °C ) for at least half an hour 
as a degassing procedure (since oxygen inhibits radicals). The monomers (total 
weight 200 g ) were combined in a glass beaker and the initiator (dibenzoyl peroxide, 
6 g, Aldrich, 97%) was dissolved in the monomer mixture with stirring. A  small 
amount o f ethyl acetate may be added to assist dissolution. This monomer “feed” 
mixture was pumped into the reaction mixture using a monomer pump over a period 
o f 2 hours, with slight adjustments to pump speed when necessary. The feed time is 
calculated to ensure the monomer supply and reaction mixture temperature are 
constant. It is essential to continue agitation o f the monomer feed mixture (by
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magnetic stirrer) throughout this addition stage to ensure the monomers and the 
initiator remain uniformly dispersed in order to control the average molecular weight 
o f the final polymer. A  slight exotherm to 84-87°C occurred during the monomer 
addition with reflux. This indicates a reaction is proceeding. On completion o f  
monomer/initiator feed, the monomer inlet was removed and the empty side-arm 
quickly stoppered to prevent escape o f free monomer from the reaction mixture. The 
mixture was held at 83-85°C for a further one-and-a-half hours.
After this period, the heat source was removed, the stirrer turned off, and extra 
initiator (0.5 g ) added through the unstoppered side-arm v ia  folded filter paper. The 
stopper was replaced, and the stirrer slowly brought back up to speed to avoid a huge 
exotherm. The initiator was allowed to stir in for a few  seconds, then the heat source 
was reapplied to bring the mixture back to reflux. The mixture was refluxed for 
another 1-2 hours to ensure reaction o f  any free monomer. The resulting fluid solution 
polymer was allowed to cool to room temperature, the solids content was determined, 
then it was bottled and further characterised.
I f  on an overnight stand, the polymer solution remains a clear fluid, then it is stable in 
isopropanol at that concentration at room temperature. I f  it is a viscous almost gel­
like white mass, then it is not stable in isopropanol alone at that concentration at 
room temperature; usually a 10% by weight addition o f ethyl acetate with persistent 
stirring will bring the polymer back into a stable solution. The theoretical solids 
content must also therefore be adjusted accordingly.
2.4.3 Emulsion Polymerisation Method
For an emulsion containing approximately 45% polymer (i.e . solids content) the ratio 
o f components were chosen as: 100 parts monomers, 0.4 parts ammonium persulphate 
initiator (Aldrich, 98%), 0.7 parts Empicol L Z V  D  surfactant (Albright and Wilson, 
CH3(C H 2)„0 S 0 3Na, where n =  11-17, M w =  303) and 122 parts deionised water, 
where one part (p ) represents 7g throughout.
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A  flange flask, equipped with overhead stirrer set to 200 rpm, temperature probe 
connected to a recorder, condenser, surfactant solution inlet, and monomer inlet, was 
immersed in a water-bath at 83°C. The initial charge o f water (61p) and surfactant 
(0.35p as a 15% aqueous solution) was brought to thermal equilibrium at about 82°C. 
A  10% monomers charge (for example, 4.95p M M a, 4.95p B A , O.lp D A A M ) was 
added all at once causing the temperature to drop slightly. When the temperature had 
recovered, a single addition o f 0.04p initiator dissolved in 2p water was required to 
start the “seed” reaction. The reaction mixture was held at this temperature for half an 
hour during which very small polymer seed particles formed, indicated by a blue tinge 
to the solution accompanied by an exotherm to 88-90°C. By the end o f  this period the 
temperature had returned to about 83°C and the feed solutions were started.
The remaining monomers (for example, 44.55p M M a, 44.55p BA , 0.9p D A A M )  
formed the monomer “feed” mixture which was simultaneously pumped into the 
reaction mixture as the surfactant/initiator “feed” solution (0.36p initiator, 0.35p 
surfactant as a 15% aqueous solution, 59p water) over a three hour period. The feed 
rates were typically 2.5 m l min'1 for the monomer feed and 1.7 m l min'1 for the 
surfactant/initiator feed. The temperature remained constant throughout this stage. 
The relative feed rates were calculated so the monomer feed finished a few  minutes 
before the surfactant/initiator feed to enable any remaining free monomer to be 
mopped up in the final stage. At the end o f this addition stage the emulsion was 
allowed to cook for a further hour to ensure complete reaction.
The fluid emulsion polymer was allowed to cool to room temperature, filtered 
through a gauze to collect flocculant, bottled, then characterised.
80
Chapter 3
Reaction Products
s
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3.1 Introduction
The primary product for each reaction was expected to be based on the following 
scheme, shown for a mono-hydrazide and a mono-carbonyl compound.
0
r < ^ N nhnh2
0
X
0
> X  / CH3
R ^ \ n H ----N = /
\ r 1
mono-hydrazide mono-carbonyl adduct
Equivalent reactions were expected for di-functional hydrazides reacting with mono- 
or di-fimctional carbonyl compounds. However, it was also expected that there may 
be several side reactions occurring either simultaneously or consecutively. Such side 
products need to be identified.
In order to obtain kinetic information from a reaction, one must first identify all the 
species present in the reaction system. The method o f study included use o f the 
following techniques: ‘H -NM R ; 13C -N M R ; FTIR; H PLC -U V ; microanalysis; GC-IR; 
and GC-M S. These analytical techniques are described in section 2.1. Products which 
were insoluble in the aqueous reaction mixture were more easily extracted and 
characterised than those which remained in solution. Solid samples were dissolved in 
deuterated chloroform for identification by lH -N M R  and 13C-NM R. These methods 
also enabled identification o f  the water-soluble reaction products in most cases.
The products obtained from reaction o f carbonyl- and amino-containing compounds 
in approximately equimolar aqueous solution were studied at three pH values where 
possible. In order to closely reproduce the reaction solutions intended for kinetic 
study, the non-neutral pH values were achieved using acetic acid (for pH 3) and 
anhydrous sodium carbonate (for pH 10). A ll reactions were carried out in water, or 
deuterated water for solution lH -N M R  analysis, at room temperature (19-22°C).
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3.2 Stability of Starting Materials
During the course o f the reactions studied in this project some reactions gave 
complicated lH -N M R  spectra which may be due to the occurrence o f side reactions. It 
was found that the following materials underwent decomposition or self-reaction 
under certain conditions: hydroxyacetone (H Ac), diacetone alcohol (D A A ), diacetone 
acrylamide (D A A M ), ethyl acetoacetate (etacac), and benzoic hydrazide (BzHzd). 
These side reactions usually depended upon the pH o f the reaction medium, and 
occurred at various rates. The products were generally water-soluble and were 
therefore identified by 1 H -N M R  o f  the solution mixtures and, in some cases, GC-M S  
and GC-1R. Appendix 18 gives the ‘H -N M R  spectral peak 8 values for the compounds 
in this study, as aqueous solutions in D 20  at pH 3, 6 and 10.
3.2.1 Hydroxyacetone (H Ac)
In highly basic media, such as in the presence o f  benzylamine, HAc appeared to 
undergo a form o f self-polymerisation within an hour with the formation o f a viscous 
yellow oil. Collection o f this oil proved difficult and exposure to air resulted in a 
waxy solid. This material gave a complex FTIR spectrum, and although an O H  peak 
was still present at 3650 c m 1, no other helpful information could be extracted. The 
material was also insoluble in methanol and chloroform, so further analysis by 1H- 
N M R  or I3C -N M R  was not possible.
Weak acids tend to catalyse imine-formation with N H 2 groups058), but it is known 
that strong acids and bases facilitate aldol condensations with methyl-ketones at room 
temperature0 59), and that such conditions may favour further addition. Intermediates 
are also known to be subject to air oxidation.
83
3.2.2 Diacetone alcohol ( D A A )
D A A  is known to undergo slow decomposition at room temperature to form one o f  
two products059!  Mesityl oxide is formed in the presence o f acid catalysts whereas 
with base, acetone is preferentially formed. Mesityl oxide was found by GC-M S in 
aqueous reaction mixtures at pH 3 after standing for several weeks. Peaks in the mass 
spectrum were present at the following m /z  values: 15 (C H 3+), 43 (C H 3C O +), 83 
((C H 3)2C =C H C O +), and 98 (M +). The quantities were low, however, and appeared a 
few  weeks after the primary condensation equilibrium (Le. formation o f adduct with 
hydrazide) had been reached.
0
basic conditions: 9 II ■'«* ..........
oh*
0
Ac D A A
0  (
acidic conditions: II 1 *sr“
A A
D A A mesityl oxide
Small peaks corresponding to mesityl oxide were not found in ^T-NM R spectra at the 
expected 8 values o f 5.82 p p m  (C H = C ) and 1.60 p p m  (two equivalent CH3 groups). 
This was probably due to deuteration which was almost complete by this time.
At pH 10, some Ac would be expected to be present in reaction solutions containing 
D AA . Since the acetyl methyl group for D A A  appears at the same 8 value (2.2 p p m )  
as Ac methyl groups, it could not be distinguished in ]H -N M R  spectra. I f  Ac had 
formed, it would also have been expected to react with the hydrazide co-reactant. No  
evidence o f  this reaction was found in lH -N M R  spectra, but deuteration had occurred 
within a few  hours at the acetyl CH 3 and D A A  CH2 positions.
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3.2.3 Diacetone acrylamide fD A A M j
D A A M  formed acrylamide (identified by G C -M S ) as a decomposition product in 
acidic media after standing for several days. Peaks in the mass spectrum were present 
at the following m /z values: 27 (C H 2=C H +), 55 (C H 2=C H  CO +), and 71 (M +). Acetone 
was expected to be a side product, but was too volatile to be identified by this 
method. Mesityl oxide was also present at an appreciable amount by 5 days. This was 
identified by a peak in the chromatogram having the same mass spectrum as that 
obtained in section 3.2.2 for mesityl oxide. 1 H -N M R  spectra showed relatively fast 
deuteration o f  all peaks and therefore gave no supporting information. Condensation 
with a hydrazide was fast at this pH (with BzHzd equilibrium at about 35% 
conversion was reached by 20 minutes) and therefore the equilibrium position would 
not be affected during the timescale o f the kinetic experiments.
3.2.4 Ethyl acetoacetate (etacac)
The formation o f ethanol was apparent in all 'H -N M R  spectra with etacac as a 
reactant with new peaks at 8 3.6 p p m  (quartet, CH 2) and 1.12 p p m  (triplet, CH3). The 
rate at which it formed was dependent on the pH o f the aqueous medium. Formation 
began immediately at pH 10, after 8 hours at pH 6, and at 3-4 weeks at pH 3. Acetone 
was a side product (8 2.2 p p m , CH3), and carbon dioxide may also form through a 
decarboxylation process but cannot be observed in a M -N M R  spectrum.
At pH 10 the condensation product with hydrazide formed rapidly to an equilibrium 
o f about 35%, shown by a new quartet at 8 4.0 p p m  (R -CH 2-0 -C 0  o f the hydrazone) 
compared to 4.15 p p m  (R -CH 2-0 -C 0  o f  free etacac). At the same time, 
decomposition o f the remaining etacac occurred. During this decomposition reaction, 
the equilibrium position shifted to a lower hydrazone concentration in order to form 
more etacac. This procedure continued until the decomposition reaction had gone to 
completion and no adduct remained. The remaining hydrazide and the reformed 
hydrazide reacted to form a hydrazone with the acetone, but only to a small extent
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(less than 10%). This complicated sequence o f events (an example is shown in 
appendices 8 and 9, with BzHzd as the co-reactant) meant the reaction was not 
considered for kinetic study at this pH value.
3.2.5 Acetic hydrazide (AcHzd)
Acetic acid was found to be present at up to 20% in the supplied AcHzd (the purity 
should have been 95%). At the low  concentrations used in this study (usually 0.06 M ), 
no effect on the solution pH was detected. Reactions were repeated with samples o f  
purified AcHzd (se e  section 2.2 for the purification procedure), but no effect on the 
rates was observed. Increases in the integral for the acetic acid impurity (C H 3, 8 2.0 
p p m )  were observed due to the catalysed decomposition o f AcHzd to form further 
acetic acid. The rate o f acetic acid formation was found to be slow in solutions at pH  
10 (beginning after a few  days) and fast at pH 3 (small increases were immediately 
observed). It was not observed at pH 6. Deuteration at pH 3 was fast, however, and 
further formation o f acetic acid could not be measured.
3.2.6 Benzoic hydrazide (BzHzd)
BzHzd was found to undergo two types o f  self-reaction, in addition to longer-term 
decomposition. One type o f  self-reaction involved reaction only at pH 10 which was 
independent o f the carbonyl compound present, with the notable exception o f ethyl 
acetoacetate. The other type occurred in the presence o f ethyl acetoacetate and was 
independent o f pH. Both these products were solids which formed on standing. The 
onset o f this reaction in 1 H -N M R  spectra was shown by splitting o f the peaks in the 
aromatic region, indicating the presence o f  two types o f  aromatic rings ( s e e  appendix 
9 for an example). *H -NM R spectra o f these solids in CDC13 showed shifts slightly 
further up-field compared to the original aromatic peak positions, i.e. at 8 7.8-7.5p p m  
instead o f the original 7.7-7.4 p p m . The three peaks in this region were split into a 
doublet (8 7.65 p p m )  and two triplets (8 7.55, 7.45 p p m )  in the ratio 2:1:2, as in the
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original hydrazide. Further analysis by G C-M S and microanalysis was required to 
show the difference between these two structures, since the protons attached to the 
nitrogen atoms were deuterated.
The first type, which formed slowly at pH 10 (taking several weeks to precipitate) in 
the presence o f AC , BUT, D A A  and D A A M , had the structure below. This structure 
was confirmed by G C -M S with peaks in the mass spectrum (shown in appendix 10) at 
the following m /z values: 51 (residue on loss o f  H C =C H + from C6H5+), 77 (C 6H 5+), 
105 (CftHjCO4), 121 (C 6H 5C O N H 2+), and 224 (M +). The elemental content was found 
to be: C 74.70%, H  5.29%, N  12.63%. Required for C i4H i2N 20  is: C 75.00%, H  
5.36%, N  12.50%. This product was not observed to form at pH 3 and pH 6.
Although this result was initially unexpected, it was subsequently found that previous 
workers had in fact reported the formation o f this structure from benzoic hydrazide in 
highly basic and highly acidic media(44),(160),(161). Since the rate o f formation o f the 
self-reaction product o f  BzHzd was slower under the conditions o f  this study 
compared to the rate o f formation o f the hydrazone, it was not expected to interfere 
with the kinetic study.
The compound obtained in the presence o f ethyl acetoacetate had the structure 
overleaf, found by GC-M S and microanalysis. .
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In general, the mass spectrum (shown in appendix 11) had peaks at the same m /z  
values as described for the previous BzHzd self-reaction product, but a substantial 
reduction o f the peak at 121 and the molecular ion appearing at 240 instead o f 224 
m /z  units. This fragmentation pattern corresponds to the cleavage o f the symmetric 
molecule into two equal C6H5CO + fragments with the loss o f nitrogen. The 1 H -N M R  
spectrum o f this product in CDC13 showed protons o f  only one type o f aromatic ring. 
The peak splitting obtained for C i4H i2N 20  was not observed which also indicates a 
symmetric molecule. The elemental content was found to be: C  69.97%, H  4.93%, N
11.58%. Required for C 14H 12N 20 2 is: C  70.00%, H  5.00%, N  11.67%. A  possible 
reaction scheme for the formation o f this product at pH 10 is given in appendix 12. 
This product was observed to form more slowly at pH 3 and pH 6 (several weeks) 
than at pH 10 (within two days).
Why the C i4H 12N 20 2 product should be fonned instead o f the C i4H i2N 20  product, 
obtained for other carbonyl compounds, is unclear. It may be related to the 
mechanism by which etacac breaks down in the presence o f acid or base catalysts. 
Since the rate o f formation o f both these products was much slower under these 
conditions compared to the rate o f  formation o f the hydrazone, it was not expected to 
interfere with the kinetic study. The 1 H -N M R  spectrum o f these products gave no 
information on protons attached to the nitrogen atoms since they had previously 
exchanged with D 20.
G C-M S also gave evidence for the slow formation (apparent after two months 
standing at room temperature) o f  benzylamide, benzaldehyde and benzoic acid as 
soluble decomposition products o f  benzoic hydrazide itself. These products were also
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not expected to interfere with kinetic experiments because they were formed so 
slowly. These decomposition products all gave peaks in the mass spectrum at m /z  
values corresponding to fragmentation o f the benzene ring, i.e. 51 (residue on loss o f  
H C =C H + from C 6H 5+) and 77 ( Q H 54”). The peak at 105 m /z  units (C 6H 5CO +) was also 
present. Benzylamide also had a molecular ion at 121 m /z units, benzaldehyde had a 
molecular ion at 106 m /z  units, and benzoic acid had a molecular ion at 122 m /z units.
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3.3 Deuterated Water Effects
3.3.1 Hvdrogen-Deuterium Exchange in T i-N M R  Spectra
Proton exchange in hydrazides at the N H 2 position occurs swiftly and completely on 
dissolution in D 20  at room temperature. Exchange rates o f this reaction have been 
studied by other workers for a range o f  hydrazine derivatives including 
hydrazides062!  The rates were reported to be accelerated by traces o f acid and slowed 
up by traces o f base, with carbon dioxide also having a catalytic affect (probably 
through the formation o f a small amount o f carbonic acid). Oxygen and water alone, 
however, have no apparent effect. Increases in the exchange rates were reported with 
increasing acidity o f the secondary amino group hydrogen.
In this study, ‘H -NM R  spectra showed the sequential deuteration o f Ac, HAc, D AA , 
D A A M  and etacac at pH 3 (within a few  hours) and pH 10 (up to a week). The CH2 
and, more slowly, CH3 protons in the D 20  environments were especially affected 
when attached to a carbonyl group. Comparison o f the spectra in appendices 13 and 
14 show this effect for butanone at pH 3. Deuteration o f the CH2 protons between the 
two carbonyl groups in etacac was found to be fast at all pH values and was rarely 
present in any spectrum recorded in D 20.
3.3.2 Measurement o f pH and pD
An empirical relationship has been found between the measured ‘pH ’ in solution o f  
IT20  and one in D 20 (163), where
pD =  pH +  0.40
For the purposes o f this study, the difference was considered negligible and therefore 
the measured ‘pH5 values have not been adjusted accordingly.
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3.3.3 Rates o f Reaction
The measurement o f relative rates o f reaction in D 20  and H 20  has been frequently 
used in studies o f the mechanisms o f acid and base catalysis, and data is available for 
a variety o f  reactions(164)'(166). The relative rates o f  reaction between the model 
carbonyl- and amino- compounds, rather than the absolute rates, are relevant in this 
study. Therefore the effect o f D 20  compared to H 20  was not determined.
3.4 Reaction of Benzylamine, Acetic Hydrazide and Benzoic Hydrazide with 
a Range of Mono-Carbonyl Compounds
3.4.1 Reaction o f benzylamine (B zA ) with acetone (A c) and hydroxyacetone (H A c )
An addition reaction should show systematic changes in the peak integrals o f a 1H - 
N M R  spectrum, particularly in the CH 2 and CH 3 regions adjacent to the carbon 
involved in the condensation reaction. The condensation products o f the expected 
reaction between B zA  and Ac  or H A c are shown below.
O
A s
Ac
B zA
adduct
l  > ^ S / \ l , T  ---- /
0
X / oh
C T +
H O
H Ac adduct
N o  precipitate formed with Ac on standing, and 1 H -N M R  spectra showed no peak 
changes. It was concluded that no reaction had occurred.
With HAc, no systematic peak changes were observed but the clear solution turned 
cloudy after an hour at room temperature. At this point both the HAc peaks dropped 
out o f the spectra suddenly and completely. This was not in accordance with 
previously observed deuteration effects where peaks slowly reduce in size, and 
undergo splitting due to sequential deuteration, before disappearing completely. Also, 
there was no change in the H O D  integral to indicate deuteration. The observed 
reaction must only involve HAc. A  yellow oil had formed by two hours which slowly 
turned into a yellow resinous solid after twelve hours. This solid was difficult to
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collect and was found to be insoluble in both methanol and chloroform, which made 
further analysis difficult. Microanalysis gave inconsistent results, usually associated 
with irregular polymeric species, that did not correspond to the expected imine 
product. An FTIR spectrum showed many overlapping peaks from which no useful 
information could be distinguished. Perhaps the aldol reaction, being base-catalysed, 
was induced by the strongly basic aqueous BzA (pH 11). This could explain the 
yellow resinous precipitate, and why a similar reaction did not occur with Ac. The 
reaction was repeated but the pH of the aqueous solution was brought to pH 6 through 
addition of acetic acid. No reaction was observed at all in this case, which may be in 
accordance with the aldol reaction theory at pH 11.
3.4.2 Reaction of acetic hydrazide (AcHzdl with a range of mono-carbonvl 
compounds
The reaction of AcHzd with acetone (Ac), hydroxyacetone (HAc), butanone (BUT), 
3-hydroxy-2-butanone (2-B-3-OH), pinacolone (PIN), diacetone alcohol (DAA) and 
diacetone acrylamide (DAAM) gave well-resolved 1 H - N M R  spectra, showing the 
formation of the expected hydrazone product at pH 6. The general structure of these 
hydrazones are shown in section 3.1. A  table showing the 8 values (in ppm) for the 
carbonyl reactant peaks and the equivalent hydrazone product peaks is given below.
Carbonyl
reactant
Carbonyl
s c h 2
Hydrazone 
8 C H 2
Carbonyl
S'CHs
Hydrazone 
8 1C H 3
Carbonyl
8 2C H 3
Hydrazone 
8 2C H 3
Ac - - 2.22 1.97, 1.94 - -
HAc 4.35 4.21 2.14 2.10 - -
B U T 2.55 (q) 2.33 (q) 2.19 2.06 0.99 1.08
2-B-3-OH 4.42 (q) splitting 2.22 2.10 1.38, 1.36 1.34, 1.31
PIN - - 2.22 2.09 1.14 1.14
D A A 2.74 (2.62),2.52 2.24 (2.08),2.06 1.27 (1.30),1.25
D A A M 3.07 (2.94),2.79 2.15 2.06,(2.04) 1.36 1.39
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where lC H 3 denotes the acetyl methyl, and 2C H 3 denotes the alkyl methyl in each 
case. All peaks were singlets, except those marked (q) which were quartets. The two 
values quoted for the 3-hydroxy-2-butanone 2C H 3 are the doublet 5 values. Only 
peaks which show changes in ppm are shown. Peak values in parentheses indicate the 
smaller peak of the two quoted.
Two new peaks for the hydrazone product from acetone indicated that the methyl 
groups were no longer equivalent, which may mean that one is closer to the methyl 
group in the AcHzd part of the molecule than the other. A  set of two new peaks were 
observed for the hydrazone products from D A A  and D A A M ,  indicating the presence 
of two geometrical isomers. For DAA, this may be explained by a degree of hydrogen 
bonding between the C = 0  group in the AcHzd part of the molecule and the pendant 
O H  group in the D A A  part of the molecule. Similarly, hydrogen-bonding may occur 
with the N H  group in the D A A M  part of the molecule if the conformation allows. 
These conformations can occur when a cis addition across the C = N  bond has 
occurred, forming a ring-type conformation. The more stable isomer is obtained 
through the tram addition across the C = N  bond, resulting in a non-restricted 
conformation. The relative quantities of the cis and tram isomers is approximately 
10-15% of the cis isomer (the smaller peak) for the D A A  and D A A M  hydrazones.
All aqueous solutions of AcHzd with mono-carbonyl compounds gave hydrazone 
products which remained in solution. This was expected since other workers071 
reported hydrazones of the simpler carbonyls tended to be water-soluble if the carbon 
content was small. These reactions were free from side reactions at pH 6 and were 
included in the kinetic studies. An equilibrium was established in most cases at 
around 50% conversion after 3-12 days. The main exceptions were in the cases of 
PIN, D A A  and D A A M  which reacted very slowly at this pH, the reaction only 
beginning after 24 hours. The low equilibrium position for PIN, at 19% conversion 
after three weeks, was due to the steric hindrance of the tertiary butyl group. For D A A  
and D A A M ,  equilibrium at about 45% conversion was also reached after 3 weeks. At 
pH 10, the reaction was slower in each case with a lower equilibrium position of only 
10-20%. Deuteration, however, would make kinetic evaluation difficult.
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The commercially supplied AcHzd contained acetic acid as an impurity (see section
3.2.5) but repeating experiments with purified AcHzd had no effect on the observed 
reactions. Deliberate addition of deuterated acetic acid to bring the aqueous solution 
to pH 3, however, had a marked effect. Although the reactions appeared to take place 
more rapidly (since peak heights changed more quickly) some peak positions also 
shifted on the ppm scale such that several peaks (especially the C H 3 peaks) severely 
overlapped, and separation of the integrals was difficult. The C H 2 integrals for B U T  
showed an initial rapid reaction but only to about 10%  conversion to the hydrazone. 
This equilibrium was reached within 5 minutes. D A A M  and D A A  reached 
equilibrium at 20-30% conversion within 20 minutes, also measured by the C H 2 
protons because the C H 3 peaks underwent splitting only and separation of their 
integrals was not possible.
Catalysed hydrolysis of AcHzd (at pH 3 and pH 10) to form further acetic acid was 
detected by relative increases in the integral for the acetic acid impurity (CH3, 8 -2.0 
ppm). This behaviour is described in section 3.2.5. Deuteration also took place at pH 
3 and pH 10, and it was apparent that at these pH values that no kinetic data would be 
obtainable.
Since D A A M  contains a potentially reactive C=C bond, the saturated equivalent 
(diacetone propanamide) was synthesised as a direct comparison for kinetic study (see 
section 2.3.1 for experimental details). Unfortunately this compound was found to be 
insufficiently soluble in water to carry out parallel reaction analyses in aqueous 
environments.
3.4.3 Reaction of benzoic hydrazide (BzHzd) with a range of mono-carbonvl 
compounds
BzHzd was replaced by AcHzd in reactions with the ketones described in the previous 
section (section 3.4.2). The reactions were similarly followed by 1 H - N M R  in D 20. In
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all cases the expected condensation reaction took place to form the general hydrazone 
structure shown in section 3.1. The hydrazone products also remained in solution and 
gave similar spectral peak 5 values. The actual peak 5 values obtained are given in the 
table below. The reaction occurred at different rates according to the pH of the 
reaction medium and followed the general trends seen in the equivalent AcHzd 
reactions. The workers00 who reported that hydrazones of the simpler carbonyls were 
water-soluble if the carbon content was small, did not indicate actual carbon contents 
and the BzHzd-ketone hydrazone adducts may have been expected to precipitate due 
to the relatively high carbon content of the aromatic ring substituent. This appeared 
not to be the case.
Carbonyl
reactant
Carbonyl
5 C H 2
Hydrazone 
5 C H 2
Carbonyl
S'CH,
Hydrazone
S'CH,
Carbonyl
8 2C H 3
Hydrazone
8 2C H 3
Ac - - 2.20 2.11,2.04 - -
HAc 4.34 4.29 2.12 2.03 - -
B U T 2.54 (q) 2.40 (q) 2.17 (2.10),2.03 0.98 1.11
2-B-3-OH 4.41 (q) 4.51 (q) 2.20 2.04 1.37, 1.35 1.39, 1.36
PIN - - 2.22 2.05 1.14 1.21
D A A 2.73 2.67,(2.61) 2.23 2.16,(2.12) 1.28 1.35,(1.29)
D A A M 3.07 (3.04),2.88 2.15 (2.13),2.02 1.36 (1.43),1.40
where lC H 3 denotes the acetyl methyl, and 2C H 3 denotes the alkyl methyl in each 
case. Only peaks which show changes in ppm are shown. Peak values in parentheses 
indicate the smaller peak of the two quoted.
The relative steric hindrance of the bulky benzene ring gives rise to the formation of 
two geometric isomers for the hydrazones of BUT, D A A  and D A A M ,  with the less 
sterically hindered isomers usually being the predominant products. For D A A  and 
D A A M ,  the ratio of each hydrazone isomer at equilibrium is approximately 45% and 
25% respectively. This relatively large difference, compared to that seen for the 
equivalent AcHzd hydrazones, could be due to internal hydrogen-bonding in the D A A
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hydrazone, allowing chemically-equivalent C H 2 and C H 3 protons to become 
magnetically non-equivalent (see diagram below).
However, this conformation is still rather strained, which may be the reason for the 
non-hydrogen-bonded conformation also existing in a similar proportion.
The disappearance of absorptions in JH - N M R  spectra for all reactions at pH 3 and pH 
10 were linked to catalysed H-D exchange, confirmed by relative increases in the 
integral for HOD. This behaviour paralleled that observed in AcHzd reactions. PIN 
was only studied at pH 6 for general comparison. The carbinolamine was not 
observed in any of the reactions.
A  reference0671 sample of the BzHzd-Ac hydrazone was prepared in order to check 
the 5 values observed in reaction solution lH - N M R  spectra and elemental analyses of 
solid products. 0.05 moles (6.8 g) BzHzd was dissolved in 0.05 moles (2.9 g) Ac with 
stirring. The product was precipitated with aqueous methanol (on standing overnight), 
filtered and dried (3.9 g, 44% yield) prior to analysis. The white needles gave a 
melting point of 140-141°C, compared to 142°C quoted in the reference method0671 
from dilute alcohol, and comparative elemental analysis. The elemental content was 
found to be: C  67.82%, H  6.89%, N  15.76%. Required for C l0H 12N 2O: C  68.18%, H  
6.82%, N  15.91%. The lH - N M R  spectrum in D 20  gave the expected peaks with 8 
values equivalent to those previously obtained in reaction solutions containing BzHzd 
and Ac. Attempts to use this method to prepare the BzHzd-HAc hydrazone and the
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BzHzd-BUT hydrazone were, however, unsuccessful. No others were therefore 
attempted since 1H- and 13C - N M R  analysis allowed analysis of solutions.
After some period of time standing at room temperature (up to two months), most of 
the reaction mixtures at pH 10 formed solid precipitates. These were filtered, washed 
several times with distilled water, air-dried for at least an hour, then dried over 
calcium chloride in a desiccator for a few days. The dry solids were analysed by 
FTIR, lH - N M R  in CDC13, microanalysis, and GC-MS. The results matched those 
previously obtained for the Ci4Hi2N 20  self-reaction product of BzHzd (see section
3.2.6). Some examples of the elemental analyses obtained are given below, with the 
required elemental content for this BzHzd self-reaction product calculated in the last 
row.
Carbonyl
reactant
pH % c % H % N
Ac 10 75.24 5.34 12.62
B U T 10 74.70 5.29 12.63
D A A 10 74.27 5.28 12.43
D A A M 10 74.16 5.45 12.66
C 14Hi2N 2Q 75.00 5.36 12.50
The remaining mother liquors were analysed by GC-MS to determine if other species 
were in solution. The peaks in the mass spectra showed the presence of mesityl oxide 
for D A A  (see section 3.2.3), and acrylamide for D A A M  (see section 3.2.4). No 
evidence for a condensation reaction product between mesityl oxide and BzHzd was 
found. The steric hindrance of mesityl oxide is probably the limiting factor in this 
case. Starting materials were the only other species found.
After two days at pH 10, HAc gave a solid product similar to that obtained on reaction 
with BzA which could not be satisfactorily analysed. The elemental content did not 
correspond to either the Ci4Hi2N 20  BzHzd self-reaction product or the BzHzd-HAc
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hydrazone (see table below). The BzHzd-HAc hydrazone did form to about 30% 
conversion, shown by the 5 values of peaks in the 'H-NMR spectra, but remained in 
solution. After about six weeks standing, solutions at pH 3 and pH 6 also gave solid 
products. The range of elemental contents obtained are shown in the table below.
Carbonyl
reactant
pH % C % H % N
HAc (1) 10 62.35 5.71 15.35
HAc (2) 10 65.04 5.41 16.60
HAc (1) 6 58.84 5.59 16.10
HAc (2) 6 64.62 5.32 17.21
HAc 3 62.41 5.35 17.03
C 10H 12N 2O 2 62.50 6.25 14.58
c 14h 12n 2o 75.00 5.36 12.50
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3.5 Reaction of 1,2-Diaininocvclohexane, Carbohvdrazide. Succinic 
Dihydrazide and Adipic Dihydrazide with a Range of Mono-Carbonyl
Compounds
3.5.1 Reaction of 1,2-diaminocvclohexane (1.2-dach) with diacetone acrylamide 
( D A A M )
A  slow reaction was observed to occur by 13C-NMR, but only to a very small extent. 
The imine-adduct peaks appeared at levels usually observed for impurities, and their 
intensities indicated about 10% of product(s). The solution pH was high (pH 11) due 
to the basic amine. Peaks were consistent with the 1:1 adduct, but no distinctive 
changes between the 1:1 and the 1:2 adducts existed. Both products remained in 
solution (see diagram below).
p
H ,N  N H 2 
1,2-dach DAAM
i
P
r
. Ah 2n  n  o
1:1 adduct 2:1 adduct
Spectra were examined for the possible further reaction between the acrylamide 
carbonyl group and the remaining amine group, but no evidence was found.
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The peaks in 13C - N M R  spectra appeared at the 8 values shown in the table below, 
with the observed C atom indicated by C  when more than one is shown.
Allocated D A A M 1,2-dach 1:1 adduct 2:1 adduct
C  atom 8 8 8 8
O O 213.71 - 171.97 171.97
O N 167.80 - 167.90 167.90
O C H 130.86 - 130.99 130.99
C H 2C O 126.84 - 126.99 126.99
C H (NH 2)CH2 - 56.37 54.34 -
quaternary C 52.24 - 52.24 52.24
c h 2 50.85 34.16 33.54 -
C H 2CH(NH2) - - 32.29 32.29
C H 3C O 31.09 - 30.95 30.95
C H 3C C H 3 26.86 - 27.19 27.05
C H 2C H 2C H 2 - 24.81 25.42 24.58
The only real indication of the presence of the 1:1 adduct are the peaks at 8 54.34 
ppm and 33.54 ppm. The 1:2 adduct would not show these peaks since they represent 
the CIT-NH2 and the C-CH(NH2) carbon atoms. The lack of distinct resolution of the 
peaks belonging to each adduct, and the very small quantities involved for a long 
reaction time (several days), meant this reaction was not considered for kinetic study.
3.5.2 Reaction of succinic dihydrazide (SDH) and adipic dihydrazide (ADHP) with a 
range of mono-carbonyl compounds
The reactions of S D H  and A D H  with acetone (Ac), hydroxyacetone (HAc), butanone 
(BUT) and 3-hydroxy-2-butanone (2-B-3-OH), were studied at pH 6 by 'H-NMR 
spectroscopy in D 20  solutions. The dihydrazides had the following 8 values for their 
C H 2 groups: 2.48 ppm (SDH), 2.21 and 1.56 ppm (ADH). S D H  and A D H  are weak 
bases, and have no effect on the pH of the solutions. All gave well-resolved 1 H - N M R
spectra showing the formation of the hydrazones which remained in solution at an 
equilibrium position of up to 80% conversion. Changes in the carbonyl compounds’ 
acetyl methyl groups were usually followed, because the formation of many more 
peaks in the C H 2/CH3 region at 8 2.0-2.8 ppm made integral resolution difficult. 
These reactions were considered to be suitable for kinetic study by lH - N M R  
spectroscopy. The carbonyl compounds had spectral peaks at the same 8 values 
previously described in sections 3.4.2 and 3.4.3, and the products followed the same 
general reaction trends. In the following diagram, R  represents (CH2)2 for SDH, and 
(CH2)4 for ADH.
o  o O
H 2N -----N H  A \ r X \ n h ------N H 2 ^ A v C H a
dihydrazide mono-carbonyl
>f
o  0
X X / CH3
H ,N -----N H ^ N r ^ ^ N H ------N = /
R l
4-
1:1 adduct o  0
v  X X  / CH3y =  N -----N H ^  N H ------N = \
R 1 '  R 1
2:1 adduct
The reaction of Ac with S D H  had reached 55% conversion to hydrazone after 3 hours 
compared to only 30% for ADH. The reaction of HAc with S D H  had reached 65% 
conversion to hydrazone after 3 hours compared to 50% for ADH. B U T  appeared to 
initially react relatively quickly with SDH, reaching 30% conversion to hydrazone 
after 15 minutes, then more slowly towards an equilibrium of 45% conversion after 
12 hours. This compared to the more constant reaction towards an equilibrium of 
36% conversion to hydrazone after 5 hours for B U T  with ADH. For 2-B-3-OH 
reactions, the acetyl C H 3 peaks (8 2.22 ppm) appeared in the same position as one of
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the C H 2 peaks in A D H  (5 2.21 ppm). The doublet of the alkyl C H 3 peak was followed 
in this case.
Carbonyl
reactant
Carbonyl
c h 3
SDH-hydrazone
c h 3
Carbonyl
c h 3
ADH-hydrazone
C H 3
A C 2.21 2.03, 1.96 2.21 2.03, 1.95
HAc 2.14 1.95 2.15 1.96
B U T 0.99 (t) 1.09 (t) 1.00 (t) 1.09 (t)
2-B-3-OH 1.38, 1.36 1.31, 1.29 1.38, 1.35 1.33, 1.31
Peaks were singlets except those marked (t) which were triplets, and both 8 values of 
the doublet for 2-B-3-OH are given.
A D H  was also studied with D A A  and D A A M .  A  slow reaction was observed to occur 
over several hours by peak integrals changes in f e N M R  at pH 6, but the 1:1 and 2:1 
adducts could not be distinguished due to many overlapping peaks in the main 
C H 2/CH3 region at 8 2.0-2.5 ppm. This was thought to indicate the sequential reaction 
of one hydrazide group at a time. If only one product formed (either adduct) not so 
many peaks would be present. The D A A  C H 2 peak at 8 2.75 ppm was followed, with 
new peaks at 2.63 and 2.54 ppm, taking 10 days for 47% conversion to hydrazone. 
Similar peak changes were observed for D A A M ,  but a precipitate also formed after 2- 
3 days which corresponded to the 2:1 dihydrazone adduct. It was identified by 
microanalysis. The elemental content was found to be: C  60.07%, H  8.55%, N  
17.58%. Required for C 24H 4oN60 4: C 60.50%, H  8.40%, N  17.65%. The 1:1 adduct 
remained in solution. This reaction was considered to be too slow for accurate rate 
measurement.
3.5.3 Reaction of Carbohvdrazide (CaHzd) with acetone (Ac)
Initial studies using CaHzd with acetone showed ]H - N M R  spectroscopy to be 
unsuitable for kinetic analysis. All the protons in CaHzd exchanged rapidly in D 20
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leaving no signal in the spectra to follow by lH-NMR. This meant relative 
concentrations could not be measured from peak integrals. However, the adducts were 
identified by 13C - N M R  to remain in solution at very low levels (5-10%). Peaks at 8
30.5 and 21.9 ppm were ascribed to the acetone and hydrazone methyl groups 
respectively. The C = 0  in acetone appeared at 8 205.3 ppm, with the C = N  at 167.9 
ppm. As with the 13C - N M R  spectrum described in section 3.5.1, the lack of distinct 
resolution of the peaks belonging to each adduct due to the very small quantities 
involved for a long reaction time (several days), meant this reaction was not 
considered further for kinetic study. 13C - N M R  is not an ideal technique for kinetic 
work, however, due to the length of time required to obtain a spectrum. The reaction 
of CaHzd with other mono-carbonyl compounds was therefore not investigated. The 
reaction scheme for CaHzd with Ac in dilute aqueous solution is given below.
0
X
H 2N -----N H  ^ \ N H  - —  N H 2
+
0
A
CaHzd
V
A c
0
I
H 2N  — - N H  ^  \ N H  -
Y
1
A+ 0U
— N H  <  ^ N H — N=^
1:1 adduct 2:1 adduct
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3.6 Reaction of Acetic Hydrazide, Benzoic Hydrazide and Benzylamine with
Ethyl Acetoacetate
3.6.1 Acetic hydrazide (AcHzd) with ethyl acetoacetate (etacac)
The expected 1:1 adduct was obtained, shown in the diagram below (where R  = C H 3), 
which remained in solution at an equilibrium position of about 70% conversion to 
hydrazone after 6 hours.
The methyl group next to the 0 = 0  (8 2.29 ppm), and that next to C = N  (8 2.09 and 
2.06 ppm), were resolved enough at pH 6 in 1 H - N M R  spectra to consider kinetic 
study. The C H 2 group between the carbonyls of etacac were very susceptible to 
deuteration, however, even at pH 6. Two geometric isomers were formed (shown 
below). The C = N  peak at 8 2.09 ppm corresponded to the major product (80%) and 
the C = N  peak at 8 2.06 ppm corresponded to the minor product (20%).
0
major product: jj
C H 3 j
c h 3
1
- N ^  C D 2— C 0 2 C H 2C H 3
D
O
minor product: [1
c h 3 y -
c d 2— c o 2c h 2c h 3
1
— N C H 3
D
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At 6 hours, decomposition of the remaining etacac began with new peaks 
corresponding to the formation of ethanol appearing at 8 3.64 (q) and 1.16 (t) ppm. 
About 20% ethanol had formed after 2 weeks. Acetone was also formed as a 
decomposition product of etacac at 8 2.20 ppm, and increases in the integral for acetic 
acid at 8 2.04 ppm indicated the slow hydrolysis of AcHzd. The acetone reacted with 
some of the remaining AcHzd to form another hydrazone, with new peaks appearing 
at 8 2.17 and 2.01 ppm, at its own equilibrium of about 30% after 2 weeks. The many 
new peaks in the region 8 2.3-1.9 ppm made resolution of their integrals difficult.
At pH 3 and pH 10, rapid deuteration occurred of the methyls in the etacac compound 
which would interfere with kinetic experiments. There was no apparent hydrazone 
formation at pH 3, since no changes in the acetate part of the molecule were 
observed, but hydrolysis of the AcHzd to form acetic acid occurred (see section
3.2.5). Rapid deuteration of the acetyl methyl group (after a few hours) meant that 
further reaction could not be observed. At pH 10, the product and reactant methyl 
peaks were so close together that splitting only was observed. The resolution of these 
integrals was not possible for kinetic study. Deuteration of the AcHzd methyl group 
appeared to take place much more slowly at pH 10, taking several days.
The spectra were examined for evidence of the 2:1 adduct formation, but none could 
be found. It appears that, under these conditions, the ester carbonyl does not react 
with a hydrazide group. The ester group remains unchanged, apart from the 
decomposition products observed, which are described in section 3.2.4.
3.6.2 Benzoic hydrazide (BzHzd) with ethyl acetoacetate (etacac)
The expected isomers of the 1:1 adduct were obtained (see section 3.6.1, where R  = 
C 6H 5) which remained in solution at an equilibrium position of about 70% conversion 
after 24 hours. ]H - N M R  spectra were well-resolved at pH 6. The etacac acetyl C H 3 
peak at 8 2.24 ppm was followed with two new peaks appearing at 8 2.07 and 2.16 
ppm for the major and minor isomers respectively (see appendices 15, 16 and 17).
106
Deuteration effects for etacac were observed as described for AcHzd. Deuteration of 
aromatic protons did not occur but splitting was observed in the aromatic region (see 
appendix 17) due to the formation of a BzHzd self-reaction product (see section
3.2.6), which precipitated fairly quickly at pH 10 (after 2 days) and eventually also 
precipitated at pH 3 and 6 (after 2 months). GC-MS spectra (described in section
3.2.6) and microanalysis results matched those previously obtained for the BzHzd 
self-reaction structure, Ci4H J2N 20 2. They did not correspond to the BzHzd-etacac 
hydrazone structure (Ci3Hi6N 20 3). The microanalysis results are compared in the 
table below.
Sample pH % C % H % N
A 3 69.50 4.99 11.81
B 6 69.97 4.93 11.58
C 10 69.72 4.96 11.59
C 13H 16N 20 3 62.90 6.45 11.29
Ci4H 12N 20 2 70.00 5.00 11.67
GC-MS analysis of the remaining solutions gave mass spectra matching those 
previously obtained for the decomposition products of BzHzd, described in section 
3.2.6.
3.6.3 Benzvlamine (BzA) with ethyl acetoacetate (etacac)
The pH of the solution was high due to the basic amine present (pH 11). No attempt 
was made to alter the pH of the solution. 1 H - N M R  spectra showed the very slow 
formation of the adduct structure (several days to form 10-15% of products) with 
many more peaks appearing than expected. Each product resulted in a quartet of 
peaks at the C H 2 position and a triplet of peaks at the ethyl C H 3 position. Apart from 
the two expected imine structures (one with internal hydrogen-bonding), the
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formation of two tautomeric enamine isomers at 8 values for C H = C  at 4.51 ppm and 
5.04 ppm (one also with internal hydrogen-bonding 8 5.04 ppm, shown below) 
resulted in many overlapping peaks. The integrals were not distinct enough to 
measure.
This intramolecular-chelated structure has been shown to exist by other workers0581 
as the more stable isomer. The energy barrier between the two isomers was reported 
to be too low to distinguish between them. Attempts to identify the individual isomers 
by GC-IR and GC-MS failed. Due to the complicated ^ - N M R  spectra and long 
formation time, this reaction was not considered for kinetic study.
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3.7 Reaction of 1,2-Diaminocvclohexane and 1,4-Diaminobutane with 2,4-
Pentandione and Ethvi Acetoacetate
2,4-Pentandione (2,4-pd) and ethyl acetoacetate (etacac) represent two types of 
dicarbonyl compounds, a ft-dicarbonyl compound and a keto-ester compound. Both 
are prone to enolisation to varying extents depending on their solvent environment. 
The keto and enol forms are shown below.
0  o Kt OH O
A A
keto
—  A A
enol
0  0 Kt OH O
etacac: U (
“  A A 0x v
keto enol
The keto-enol equilibrium constant (Kt = [enol]/[keto]) reported is 0.19(168) for 2,4-pd 
and 0.005°169) for etacac, both measured in water at around 20-25°C. The reported 
1 H - N M R  observations of the relative methyl proton chemical shifts of C H 3-C=0 and 
C H 3-C-OH differed by only 0.1-0.2 ppm, with the signal for the enolised acetyl groups 
occurring at the higher field position070 Condensation products from the reactions 
described in this section may be expected to include keto-enol isomer forms of the 
unreacted carbonyl of both parent compounds in varying amounts.
3.7.1 1,2-Diaminocvclohexane (1.2-dachl with 2.4-pentandione (2.4-pdl
The solutions were pH 11 due to the presence of the basic amine. No attempt was 
made to alter this pH value. The reaction slowly formed both the 1:1 and 2:1 adducts 
for 2,4-pd and remained in solution. These reaction products were identified by 13C- 
N M R  and GC-IR. The enolised form was observed by l3C - N M R  to be the major
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product in each case, with a peak for CH=C(OH)CH 3 at 8 95.35 ppm, N H 2C H C H N = C  
at 8 55.44 ppm., N H 2C H C H N = C  at 8 59.74 ppm, and N H 2C H C H N = C  at 8 194.79 
ppm. GC-IR showed the presence of the O H  group in the enol isomer at 3449 c m 1 and 
1285 cm'1, and the keto isomer C = 0  in small amount at 1721 c m 1. The 0 = 0  for 2,4- 
pd gave a strong absorption at 1710 cm'1. The a,P-unsaturated C = N  gave a distinct 
absorption at 1646 cm'1, and a large absorption at 1604 cm'1 due to C=C. The reaction 
scheme is given below.
o o
A A
2,4-pd
major:
H ,N  N  OH
A A
H ,N  N  O
A A
1:1 adducts
H2N  n h 2
1,2-dach
A
N  N
A A  A A
HO   OH
AO N  N o
A A  A A
2:1 adducts
This reaction was not considered for kinetic study due to the overlap of peaks in the 
C H 2 region (splitting only was observed) in 'H-NMR spectra. The reaction also took 
several days to occur. Deuteration of the peaks in Al-NMR spectra would be expected 
to occur at pH 11.
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3.7.2 1,2-Diaminocyclohexane (1.2-dach) with ethyl acetoacetate (etacac)
Similar reaction products were obtained as described for 2,4-pd in section 3.7.1. The 
1:1 and 2:1 adducts were formed after a few hours. In this case, the 2:1 adduct 
precipitated while the 1:1 adduct remained in solution. The reaction products were 
identified by 13C-NMR, GC-IR, FTER of the solid and microanalysis. Similar spectra 
were obtained from 13C - N M R  and GC-IR as described for 2,4-pd in section 3.7.1. An 
FTIR spectrum of the solid as a KBr disc gave the following absorptions: 3445 and 
1280 cm* (OH), 1640 c m 1 (a,(3-unsaturated ON) ,  1606 and 785 c m 1 (C=C), 1237 
and 1098 c m 1 (=C-0-C-). No C = 0  absorptions were found. The elemental content 
was found to be: C  63.84%, H  9.13%, N  8.20%. Required for C 18H 30N 2O 4: C  63.91%, 
H  8.88%, N  8.28%. The enolised form was observed by 13C - N M R  to be the major 
product in each case. The reaction scheme is given below.
The effect of the solution pH on the reaction was tested by decreasing the pH value 
with acetic acid, then slowly increasing the pH by dropwise addition of dilute 
ammonium hydroxide solution until a precipitate appeared. Precipitation occurred at 
pH 8.0, indicating that the reaction was inhibited by low pH and encouraged at higher 
pH values.
i l l
Similar reaction products were obtained as described for 2,4-pd in section 3.7.1. The 
1:1 and 2:1 adducts were formed after a few days. In this case, the 2:1 adduct 
precipitated while the 1:1 adduct remained in solution. The reaction products were 
identified by 13C-NMR, GC-IR and microanalysis. Similar spectra were obtained from 
13C - N M R  and GC-IR as described for 2,4-pd in section 3.7.1, with no C H  present in 
13C - N M R  spectra. The elemental content of the solid was found to be: C  66.48%, H  
9.78%, N  11.09%. Required for C 14H 24N 20 2: C  66.67%, H  9.52%, N  11.11%. The 
enolised form was observed by 13C - N M R  to be the major product in each case. The 
reaction scheme is given below.
3.7.3 1,4-D iam inobutane (1 .4-dab) w ith  2.4-pentandione (2.4-nd)
The effect of the solution pH on the reaction was tested as described in section 3.7.2. 
Slow precipitation occurred at pH 11.5, indicating that the reaction was inhibited by 
low pH and encouraged at high p H  values. Identification of this precipitate as the 2:1 
adduct was confirmed by microanalysis results, the values were as previously 
obtained.
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3.7.4 1,4-Diam inobutane ( 1.4-dab) w ith  ethyl acetoacetate (e tacac)
The reaction paralleled that between 2,4-pd and etacac. The elemental content of the 
precipitate was found to be: C 61.22%, H  9.28%, N  9.03%. Required for Ci6H28N20 4: 
C  61.54%, H  8.97%, N  8.97%. The enolised form was observed by 13C - N M R  to be 
the major product in each case. The reaction scheme is given below.
The effect of the solution pH on the reaction was tested as described in section 3.7.2. 
Slow precipitation occurred at pH 8.0, indicating that the reaction was inhibited by 
low pH and encouraged at higher pH values. Identification of this precipitate as the 
2:1 adduct was confirmed by microanalysis results, the values were as previously 
obtained.
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3.8 Reaction of Succinic Dihydrazide and Adipic Dihydrazide with 2,4-
Pentandione and Ethyl Acetoacetate
S D H  had no effect on the pH of the solution. The reaction slowly formed both the 1:1 
and 2:1 hydrazone adducts over several days at pH 6. The 2:1 adduct precipitated in 
each case. The elemental content for the solid obtained from S D H  with 2,4-pd was 
found to be: C  53.96%, H  7.18%, N  17.99%. Required for Ci4H 22N 40 4: C  54.19%, H  
7.10%, N  18.06%. The elemental content for the solid obtained from S D H  with 
etacac was found to be: C 51.77%, H  7.11%, N  15.01%. Required for C 16H 26N 40 6: C 
51.89%, H  7.03%, N  15.14%. The keto form was observed by I3C - N M R  to be the 
product in each case, no evidence could be found for either the enamine structure or 
further intramolecular reaction of the 1:1 adduct between the remaining C = 0  group 
and the second hydrazide group. GC-IR showed the absence of the O H  and C=C 
groups in the possible enol isomer. A D H  was not examined in reaction with 2,4-pd as 
similar products were expected. The reaction scheme for S D H  and 2,4-pd is given 
below.
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T h e  reaction  schem e fo r  S D H  and etacac is g iv en  be low .
The reaction of A D H  with etacac slowly formed both the expected adducts at pH 6 
over several days. In this case, no precipitate was formed. The reaction products were 
identified by l3C - N M R  and GC-IR as previously described. The keto form was 
observed by 13C - N M R  to be the product in each case. GC-IR showed the absence of 
the O H  and C=C groups in the possible enol isomer. The reaction scheme is 
equivalent to that shown for S D H  and etacac above. J?
These reactions were not considered for kinetic study due to the length of time they 
took to form appreciable amounts.
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3.9 Discussion
Geometric hydrazone isomers were found to form with the unsymmetric ketones, and 
the trans isomer was expected to be the more stable due to steric considerations. 
Other workers have found this to be the case07#
In the case of dicarbonyl reactants, many workers have reported(91)’(92)’072)'°75) the 
fonnation of ring systems through intramolecular reactions with dihydrazides and 
dihydrazines. The conditions used to achieve these structures are, however, much 
more severe than those used in this thesis. Refluxing the reactants for an hour or more 
in an organic solvent containing a dehydrating agent or catalyst may be expected to 
yield such products, rather than the relatively simple hydrazone adducts obtained in 
dilute aqueous solution at room temperature.
Ethyl acetoacetate has been reported to react with benzoic hydrazide to form a 
substituted pyrazole structure0731. The reported structure (C8H 8N 202) has elemental 
content of: C 58.54%, H  4.88%, N  17.07%, O  19.51%. A  self-reaction product of 
benzoic hydrazide (Ci4H 12N 20 2) was reported to form as a side product through 
apparent disproportionation during this reaction. This product was also found in the 
studies with ethyl acetoacetate described in section 3.6.2. However, no evidence of 
the pyrazole structure could be found.
The results of these initial experiments indicate which systems may be suitable for 
kinetic study. Excessively slow reactions were found with the hindered ketones, and 
therefore only one or two examples were examined kinetically for comparison to the 
less hindered ketones. Reactions which reached equilibrium, with clearly defined 
product species, within an hour were considered to be most suitable because they 
showed the best compromise between accuracy of analysis and time measurement.
Most of the information gained on the identity of the species present in reaction 
mixtures was obtained by ’H - N M R  in dilute D 20  solutions. The table given in
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appendix 18 shows the original peak positions of each starting material, at three pH 
values, prior to any reaction. Slight changes are observed at pH 3 compared to pH 6 
and 10. Individual reactions may also show slightly different 8 values. Some 
examples of 1 H - N M R  spectra obtained from the different reactions described are 
given in appendices 8,9, 13-17.
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Chapter 4 
Reaction Kinetics and Catalysis
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4.1 Introduction
In order to follow more closely the condensation reaction between the chosen 
carbonyl- and amino- model compounds in aqueous environments, and the effect of 
concentration and pH changes, a suitable method of analysis was required that gave 
both qualitative and quantitative information. Since these processes do not usually go 
to completion under the experimental conditions explored, the first requirement was 
an analytical measure of the relative concentrations of the reactants and product(s) 
under these conditions.
Some spectroscopic techniques were rejected due to the necessary low concentrations 
and the consequently slow bimolecular condensation. Others gave insufficient 
difference to allow a clear and quantitative analysis for the presence of all species in 
solution. The possible formation of solid products also excluded most techniques. The 
following spectroscopic techniques were considered:
U V  or Visible - Although water may be readily employed as the solvent, the low 
reactant concentrations (-IO"4 M) required for this technique would result in slower 
rates of reaction that would not reflect actual rates in analogous polymer systems. 
Prior calibration and standardisation for all possible species would be arduous, 
especially species with similar structures and/or extinction coefficients.
IR - The O H  absorption band for water, the required solvent in this study, would 
result in swamped spectra giving no useful information. Even if a water background 
scan was used, very slight differences in concentration give rise to persistently strong 
O H  absorption bands for the reaction solution. Calibration must also be carried out on 
specific absorption bands unique to either starting materials or products in order to 
extract kinetic information. However, the large overlap of C O  and C = N  peaks make 
accurate calculations almost impossible. Recording of time intervals is not automatic 
which allows further room for error.
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G C  - The possible decomposition of intermediates by pyrolysis, other temperature 
effects on the reaction and temperature control rules out this technique. Quantitative 
analysis is not sufficiently accurate, and qualitative analysis may be inconclusive.
H P L C  - The required standardisation and calibration of all possible species would be 
laborious - this is also true for IR, G C  and UV. Not all species may be adequately 
different structurally to give distinct retention times. The time taken to elucidate the 
contents of the reaction mixture would be impractical for kinetic purposes.
1 H - N M R  - This was the final method of choice. A  range of reactant concentrations 
may be used, no prior standardisation or calibration is necessary, and temperature 
control is simple. Use of internal standards, coupled with automated proton 
integration, allows quantitative analysis of species present. This technique also 
facilitates direct qualitative analysis of species, the amount and incidence of 
decomposition side reactions (e.g. ethanol and acetone from ethyl acetoacetate) and 
identification of decomposition products. This has been demonstrated in chapter 3. 
By providing the means of following the reaction at conveniently recorded time 
intervals, the kinetics of reaction may be determined with good reproducibility. In 
order to avoid swamping the spectrum with solvent proton signal, deuterated water 
(D20, natural pH 6) was used to mimic the required aqueous environment. Changes in 
environment pH values were effected using non-protonated reagents, deuterated 
acetic acid (CD3COOD) for acidic pH values, and anhydrous sodium carbonate 
(Na2C 0 3) for basic pH values. Deuterated ammonia (ND3) could have been used 
instead of Na2C 0 3 to change pH but, being an amine, it may have reacted with the 
carbonyl compound and affect the accuracy of the kinetics of the reaction.
120
The condensation reaction of two monohydrazides, acetic hydrazide (CH3C O N H N H 2) 
and benzoic hydrazide (C6H 5C O N H N H 2), with a range of ketonic mono- and di­
carbonyl-containing compounds was followed by lH - N M R  spectroscopy. Structure- 
reactivity relationships for progressively more bulky ketones were studied. The 
structure relationship between the carbonyl compounds studied is described in section 
2.2. The study was then extended to include the aliphatic dihydrazides, succinic 
dihydrazide (NH2NHCO-(CH2)2- C O N H N H 2) and adipic dihydrazide (NH2NHCO- 
(CH2)4- C O N H N H 2). The source and purity of the compounds and solvents used in this 
study are given in appendix 2.
All kinetic experiments were carried out at 298K on a Bruker AC-300 N M R  
spectrometer (300 MHz). Co-reactants were separately dissolved in deuterated water, 
the pH was adjusted where necessary, then the co-reactant solutions were mixed 
directly together in a stoppered glass N M R  tube (5 m m  diameter) just prior to the first 
scan being recorded by the spectrometer. The pH value of the solutions were recorded 
both before and after mixing. The average delay time between the moment of mixing 
and the first recorded scan was three minutes. In some cases the reaction appears to 
proceed so quickly that the solution reaches equilibrium almost within this period.
Spectra were subsequently recorded at time intervals of, for example, 3 minutes up to 
one hour.
Actual time intervals and length of experiment were individually determined for each 
reaction according to initial trial studies. Faster reactions were followed over 20 
minutes, with spectra recorded every 2 minutes. This was as quick as the spectrometer 
allowed. Slower reactions were followed at 10 minute intervals for up to 3 hours, and 
very slow reactions every hour up to 12 hours. Reactions which did not show product 
fonnation during this latter timescale, such as diacetone alcohol and diacetone 
acrylamide at pH 6, were not considered for rate constant evaluation but K eq was 
detemiined after several days.
I
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4.2 Reaction Kinetics Followed by 1H-NMR Spectroscopy
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The position of equilibrium was determined, expressed as percentage conversion to 
hydrazone product, and the equilibrium constant K eq calculated for each reaction. 
Where timescales of reaction and sufficient peak separation for reactants and 
products allowed, determination of the second-order rate constants was possible. Each 
reaction was carried out at three pH values (pH 3, 6 and 10), since it was found that 
pH affected both the equilibrium position and the rate at which the equilibrium was 
attained. Side reactions and decomposition reactions were also observed to occur at 
different rates in different pH environments.
The protons attached to nitrogen atoms in the hydrazide molecule exchanged swiftly 
and completely in D 20, but the corresponding exchange of protons a- to C = 0  in the 
ketone system was generally insignificantly slow. The exception was in ethyl 
acetoacetate, where the signal from the C H 2 group disappeared completely within a 
few minutes of dissolving the ester in D 20.
Tetramethylammonium chloride (TMS, 8 3.20 ppm) was used as an internal standard 
for kinetic reactions. In cases where benzoic hydrazide was a reactant, the integral of 
the aromatic protons could be used as a check since the aromatic protons did not 
undergo H-D exchange, although splitting and slight chemical shift changes took 
place during the condensation. Correspondingly, the shifts shown by aliphatic 
hydrogens near C = 0  upon condensation gave sufficient separation for the quantitative 
identification of both reactant and product.
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4.3 Problems
Although this spectroscopic technique was considered to be the best available, it was 
by no means without its problems. Some problems only occurred with certain 
reactants, under certain conditions, and others were more widespread. The main 
problems that were encountered are briefly described below.
Deuteration - This was usually observed at pH 3, and sometimes at pH 10, for most 
reactions to different extents. This was characterised by diminishing peaks in the 
spectra, typically for C H 2 and, to a lesser extent, C H 3 groups a- to C = 0  when other 
peaks remained unchanged. Following the peak integral change of a disappearing 
peak lead to large errors, even if both the reactant and product peaks were deuterating 
at the same rate. Peak splitting was also usually observed due to sequential 
deuteration leading to the formation of several species which exhibit different 
coupling constants with other protons or deuterons, such as C H 3, C H 2D, and C H D 2 
for a methyl group.
Self-Condensation of Reactant - This was mainly observed for benzoic hydrazide at 
pH 10, but also occurred at pH 3 and pH 6 over longer periods of time. The white 
precipitate formed was identified as a self-condensation product of benzoic hydrazide 
(see section 3.2.6). Although the onset of this side reaction was evident in spectra by 
increased splitting of the aromatic protons, it did not usually occur within the 
timescale of the hydrazone formation reaction reaching equilibrium and, therefore, 
was not regarded as decreasing the amount of benzoic hydrazide available to the 
hydrazone formation reaction (the primary condensation reaction).
Non-Equilibrium Reactions - These were shown by most of the reactions of ethyl 
acetoacetate, to varying degrees, and their extent appeared to be pH-dependent (see 
section 3.2.4). Reactions which do not reach an equilibrium cannot be dealt with by 
these kinetic methods. In most cases, however, the reaction appeared to reach 
equilibrium at a high peak integral ratio and this value was used in the described
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kinetic treatments to ascertain whether it was likely to eventually reach completion or 
not.
Reactant Decomposition - Diacetone alcohol, diacetone acrylamide and ethyl 
acetoacetate all decompose over time to form acetone and other products, usually at 
non-neutral pH values. These have been identified (see section 3.2). Depending on 
how quickly decomposition occurred, these side products may or may. not interfere 
with the primary condensation reaction. In the case of ethyl acetoacetate, the 
formation of acetone and ethanol readily occurs at all pH values. The acetone 
decomposition product, being a carbonyl compound, may preferentially react with the 
hydrazide itself This complicated spectra and impaired resolution of peak integrals 
due to the overlap of peaks. Care was taken to minimise the inevitable errors this 
introduced in the calculated peak integral ratios.
Side reactions - These may occur either during the timescale of the primary 
condensation reaction or on standing. Sometimes the reactions were detrimental to 
the kinetic information, in cases where they were caused by reactive decomposition 
products, but did not usually affect the primary reaction until after equilibrium had 
been maintained for several days or weeks.
Peak Overlap - When the products and reactants were not sufficiently structurally 
different to cause a significant shift in their 8 values on the ppm scale, overlap of two 
or more peaks occurred. Overlapping peaks complicated spectra and hindered the 
resolution of their integrals. The problem seemed to be most severe in reactions at pH 
3, except for diacetone alcohol and diacetone acrylamide, which is the reason why 
little kinetic data for other reactions has been obtained at this pH value. At pH 10, 
however, diacetone alcohol, diacetone acrylamide and ethyl acetoacetate all exhibit 
severely overlapping peaks and no kinetic data was obtainable. Care was taken to 
minimise the inevitable errors peak overlap introduced in the calculated peak integral 
ratios.
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Precipitation of Solid Product - Some condensation products were insoluble, 
although the majority remained soluble in the reaction medium. The white solid 
precipitate which forms during the course of the reaction between 1,2- 
diaminocyclohexane and ethyl acetoacetate is the 1:2 condensation adduct (structure 
below).
h o  n  n  o h
M M
< >
2:1 adduct (s)
The 1:1 adduct also forms but remains in solution (structure below). Both products 
have been identified (see section 3.7.2).
Although the N M R  tube technically represents a closed system, if a product is 
precipitated, then it may no longer exist in equilibrium and the reaction may be 
expected to eventually go to completion. Such reactions were identified early on in 
these studies and have not been included for kinetic evaluation (see chapter 3).
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Multiple Reaction Products - Unexpectedly complex spectra indicated more than one 
product, whether by reaction or decomposition. In some cases, the presence of two 
geometrical isomers may be determined. The syw-isomer (bulkiest groups trans to 
each other across the C = N  bond) is usually the major product with small amounts of 
the tfrtri-isomer in equilibrium, such as the products from acetic hydrazide and ethyl 
acetoacetate (some protons are deuterated in the D 20  environment, see section 3.6.1) 
shown below.
?\ CH 1major product: 1' i
f  N  — N N  CD,— CO,  CH,  CH,
c h 3 | ^
D
II
CH
0  CD,—  CO, CH ,CH ,
minor product: p I
^  ^  N — N CH
D
This is in accordance with other workers’ results, such as in the formation of 
phenylhydrazones(125).
Unusually Complex Spectra - Concurrent reactions may be the cause of such spectra, 
and most have already been discussed. Information of some sort, such as the 
equilibrium constant, was usually still extractable. However, sometimes no 
information could be obtained. In the case of diacetone alcohol, extra peaks in spectra 
were ascribed to internal hydrogen-bonding which allows chemically-equivalent C H 2 
and C H 3 groups to become magnetically non-equivalent (see section 3.4.3).
Contaminated Reactants - Since all reactants were used as supplied, in some cases the 
purity was less than 90%. Usually the impurities did not affect the primary 
condensation reaction, and did not appear in spectra in regions where the main 
reactant or product peaks occurred. The major exception was acetic hydrazide, which
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contained up to 20% acetic acid impurity. This was the only reactant to be purified 
{see section 3.2.5) for kinetic work. Although the spectra were much simplified by 
this treatment, the overall reaction kinetics were unchanged when compared to results 
obtained for the unpurified acetic hydrazide.
Volatile and Hygroscopic Reactants - Volatile reactants, such as acetone, 
hydroxyacetone, and butanone, were difficult to weigh accurately and make up into 
solutions without concentration changes occurring through evaporation. Some 
reactant could be lost at almost every stage of exposure to air, from the balance to 
reaching the N M R  tube. A  similar problem occurred with solid hygroscopic materials 
such as diacetone acrylamide. Both problems were easiest overcome by recalculating 
their final concentration from the first spectrum of the kinetic experiment by 
comparison to the internal standard integral and, where benzoic hydrazide was a 
reactant, comparison to the aromatic proton integral. This method allowed fairly 
accurate determination of initial concentrations of the volatile and hygroscopic 
reactants.
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4.4 Results
In most cases, the integral height of the carbonyl reactant’s methyl group a- to C = 0  
peak was compared to that of the corresponding product’s methyl group a- to C= N  
peak. This peak was chosen since the C H 3 group a- to C = 0  was found to be more 
stable to possible proton-deuterium exchange than the C H 2 group a- to 0=0, as 
observed by the selective and specific exchange observed in etacac (see section 
3.3.1). The simplest reaction to follow was that between BzHzd and Ac, because only 
peaks due to the acetyl methyl groups of Ac (8 2.21 ppm) appear in the 0-4.5 ppm part 
of the spectrum (see appendix 19). The reaction is fairly slow, and two new peaks 
form due to the two environments available to the methyl groups in the hydrazone 
adduct. The reaction appears to be close to equilibrium at about 48% conversion to 
hydrazone after 3 days (appendix 20). This is confirmed by the fact that on further 
standing the reaction only advances to about 55% conversion by 6 weeks (appendix 
21). Other reaction spectra have many more peaks present, and choosing the correct 
ones to follow may be difficult. Further examples of short-, medium- and longer-term 
reactions at pH 6 are shown for the reaction of BzHzd with 2-B-3-OH, and BzHzd 
with DAA, in appendices 22 through to 28.
For each reaction, the peak height ratio of the product to the reactant was calculated 
as described in chapter 1 (see section 1.4.3) and changes in this ratio were recorded at 
convenient time intervals for the duration of the experiment. The peak height ratio at 
equilibrium was used to calculate the value of the equilibrium constant, K eq value (see 
section 1.4.3). The peak height ratio at equilibrium was also used in the derived 
second-order rate equation (see section 1.4.4), together with the reactants’ initial 
concentrations, to determine the second-order rate constant kf. In cases where overlap 
of the reactant and product methyl groups rendered the individual integrals 
indistinguishable, the C H 2 group a- to 0 = 0  peak was followed instead. Separation of 
this peak for the product compared to the reactant tended to be more distinct, but 
sometimes susceptible to slow proton-deuterium exchange with the solvent at pH 6. 
When peak overlap occurs at every peak position, the reaction may not be possible to
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follow. At pH 3 and 10, proton-deuterium exchange was much faster and no kinetic 
information could be obtained in some cases.
The range of concentrations studied was in part restricted by the solubilities of the 
reactants in water. Benzoic hydrazide was found to have a low water solubility of 
around 0.15 M. The chosen standard concentration of 0.0664 M  is indicative of the 
low level of available carbonyl and hydrazide groups in typical crosslinking systems. 
This is based on the worst case assumption of only one crosslink achieved per 
polymer molecule. In one commercial self-crosslinking emulsion polymer system the 
M w of the polymer is approximately 155,000 from GPC data {see section 5.5.1). One 
crosslink implies reaction with half a mole of a difunctional crosslinker, such as 
adipic dihydrazide ( M W  174). This represents a minimum concentration of about 
0.06% adipic dihydrazide, based on total polymer solids, if 100% reaction is 
achieved.
The monomers synthesised {see section 2.3.2) were not sufficiently water-soluble to 
achieve the concentration levels required in these kinetic studies, and neither were the 
alcohol precursors. The exception was 3-hydroxy-2-butanone which was studied at 
pH 6 for a general comparison.
For acetic hydrazide, the acetyl part of the molecule remained unchanged throughout 
the reaction, indicating that the hydrazide group must be taking part. There were no 
systematic peak changes observed for benzylamine reactions - at pH 6 or pH 11 - with 
acetone or hydroxyacetone, however, so kinetic evaluation was not possible {see 
section 3.4.1).
Reactions were usually simple to follow at pH 6, but acid and base catalysis 
complicated reactions at pH 3 and p H  10. In some cases only K eq values were able to 
be determined, either because the reaction had attained equilibrium very quickly 
(within a few minutes) or the reaction was too slow to reasonably follow (days or 
weeks) taking up to two months to equilibrate. Measurement of the peak integrals was 
made difficult by deuteration and the earlier onset of some side reactions. The side
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reactions and primary condensation products are described in chapter 3. The table 
below shows K eq values for several such reactions. Where the C H 2 group a- to 0 = 0  
peak was followed instead of the C H 3 group a- to 0=0, the K eq value has been 
marked by an asterisk. The 5 values of the peaks followed were the same as those 
previously described in chapter 3, in the relevant sections. Appendix 18 gives peak 8 
values for all the compounds used in this study at pH 3,6 and 10 prior to reaction.
Carbonyl pH Reaction with AcHzd Reaction with BzHzd
Reactant K eq(MT1) Keq(MT1)
Ac 3 - 16.3
10 5.3 9.1
HAc 3 - 10.8
10 34.2 3.4, 27.6
B U T 3 4.7, 13.8 -
10 26.6, 8.2 -
D A A 6 25.2*, 5.4, 17.8* 42.2,43.9
10 - 11.9
D A A M 6 16.8*, 9.1* 20.0
10 - 29.5,21.8, 13.2
etacac 3 - 18.0, 25.4, 34.5,38.5
It was not possible to resolve the peak integrals of the reactants and products for 
AcHzd with Ac, HAc and etacac at pH 3, and D A A  and D A A M  at pH 10. All the 
reactions were difficult to evaluate and are only reported here to demonstrate the 
effect of overlapping peaks and side reactions on the calculated K eq values. In a few 
cases it was attempted to obtain reproducible results, but only one experiment was 
usually performed if the spectra were considered to be almost impossible to evaluate. 
The reactions of B U T  and BzHzd are separately reported (see overleaf). D A A  and 
D A A M  react very slowly at pH 6 which can also impair accurate integral 
measurements, since deuteration occurs very slowly at pH 6 and a subtle effect is 
more likely to take place.
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The reactions occurred especially rapidly for etacac at pH 3, with equilibrium of the 
primary reaction product attaining around 50-60% conversion to product by the time 
the first spectrum was recorded. However, at this pH value the decomposition of 
etacac occurs at the same time and the equilibrium position continuously shifts to 
reform free etacac. This may be reflected in the variation of the calculated K eq values 
reported above. The reaction ends when all the etacac has decomposed. This 
behaviour is described in section 3.6.
Two examples of a reaction studied at three pH values are described. The first, 
between BzHzd and BUT, shows reproducible results for K eq within experimental 
error.
[BzHzd]0 [BUT]0 pH 5
'CHs
6
2c h 3
K e q PReq
(time)
0.0664 0.0727 0.86(t) 1.02(t) 10.8 0.35 ( ‘/2 hr)
0.0664 0.0491 3 0.94(t) 1.10(t) 10.3 0.34(1 hr)
0.0664 0.0327 0.87(t) 1.03(t) 10.5 0.36 (214 hrs)
0.0664 0.0542 6 0.93(t) 1.09(t) 10.4 0.33 (37 hrs)
0.0664 0.0488 0.98(t) 1.14(t) 14.5 0.40 (2 wks)
0.0664 0.0274 10 0.97(t) 1.13(t) 9.7 0.36 (2% hrs)
where *043 denotes the acetyl methyl and 2C H 3 denotes the hydrazone methyl group.
The equilibrium position does not appear to be much affected by the pH, in this case, 
but the rate of reaction is influenced. Indicative values for kf at pH 6 and pH 10 are 8 
x 10"5 s'1 and 1.4 x 10'3 s'1 respectively. However, it must be noted that insufficient 
data did not allow accurate calculation for the other Zy value at pH 6, and the speed of 
the reaction at pH 3 meant that equilibrium was reached within the first few recorded 
spectra. Each set of values were obtained from separate experiments.
The second example is of the reaction between BzHzd and DAA, shown overleaf.
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[BzHzdJo [DAA]0 pH 5
1c h 3
5
2c h 3
Keq PReq
(time)
0.0664 0.0607 2.18 2.11, 2.08 36.4 0.55 (+2 hr)
0.0664 0.0579 3 2.19 2.12, 2.08 35.0 0.55 (V 2 hr)
0.0664 0.0596 2.18 2.11, 2.07 34.9 0.54 (14 hr)
0.0664 0.0798 6 2.23 2.17, 2.12 42.2 0.62 (8 wks)
0.0664 0.0452 2.23 2.16, 2.12 43.9 0.63 (10 wks)
0.0664 0.0274 10 1.21 1.28, 1.24 11.9 0.40 (6 hrs)
The effect of pH on the value of K eq is evident in this case. The comparatively low 
value obtained at pH 10 may reflect the base-catalysed decomposition of D A A  (see 
section 3.2.2) as well as the onset of that of BzHzd (see section 3.2.6). Indeed, 
splitting of the aromatic protons was already evident in the reaction spectra. Acetone 
would, however, not be distinguishable in the reaction spectra due to its peak having 
the same 8 value as the acetyl methyl of DAA. The relative length of time the reaction 
took to attain equilibrium is also indicated in the table. No calculations for Rvalues at 
pH 3 were possible due to the fast reaction, and the very slow reaction at pH 6 also 
meant calculations were not feasible for kj values. Similar trends were obtained for 
D A A  with AcHzd, and D A A M  with AcHzd and BzHzd.
The dihydrazides were found to follow the same trends observed for the mono­
hydrazides with a range of mono-carbonyl compounds. Some results obtained for 
S D H  and ADH, at pH 6, are given below.
Carbonyl
Reactant
[carbonyljo [SDH]0 [ADH]o 5
xc h 3
8
2c h 3
Keq PReq
(time)
Ac 0.0433 0.1328 - 2.21 2.02, 1.95 36.3 0.782 (7 days)
0.0525 - 0.1328 (2.21)-1.57 2.03, 1.95 48.2# 0.813 (7 days)
HAc 0.0165 0.1328 - 4.35 4.21 18.8* 0.695 (7 days)
0.0254 - 0.1328 2.14 1.96 • 21.2 0.709 (7 days)
0.0317 - 0.0664 2.12 1.94 21.4 0.518 (114 hrs)
0.0238 - 0.0664 2.15 1.96 17.2 0.486 (114 hrs)
BUT 0.0601 - 0.0664 1.00(t) 1.10(t) 18.5 0.429 (6 hrs)
0.0667 0.0664 - 0.99(t) 1.09(t) 21.1 0.441 (13 hrs)
2-B-3- 0.0679 - 0.1328 1.38, 1.35 1.33, 1.31 29.9 0.716 (2 wks)
OH 0.1510 0.0664 - 1.38, 1.36 1.33, 1.31 8.5 0.501 (14 hr)
DAA 0.0682 - 0.0664 2.75 2.63, 2.54 24.1 0.471 (9 days)
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The reaction marked * was followed by the C H 2 peak of HAc instead of the C H 3 
peak. The reaction marked # was calculated by estimating the proportion of the 
integral for the peak at 2.21 ppm belonging to the acetyl methyl group, by comparison 
of the integral for the other A D H  C H 2 group.
In general, the equilibrium positions had higher values of %  conversion to products 
than the mono-hydrazides. The evaluation of kinetic data, however, was especially 
difficult due to the sequential condensation reaction at each hydrazide group in one 
molecule of S D H  or ADH. The effect of the structure of the mono-carbonyl 
compound on the observed K eq value is evident. For a hydroxyl group a- to the keto- 
carbonyl group, the reaction appears to reach about 50% conversion to products 
within a very short timescale compared to the alkyl equivalent carbonyl compounds. 
This is shown by comparing HAc with Ac and 2-B-3-OH with BUT. The overall K eq 
value, however, appears to be reduced in some cases.
For almost equimolar reactions, i.e. reactant concentrations within 10% of each other, 
the second order rate constants obtained from the linear regression of data points (see 
section 1.4.4) were tested for agreement between theoretical and experimental values 
using an iterative computer program.
This program takes the approximate value of kf obtained from the linear regression 
treatment and uses an iterative procedure to find the value of kf which best matches 
(within experimental error) the theoretical and experimental data points. The 
theoretical data points are calculated by the program from first principles using the 
change in peak height ratios with time, K eq and the initial reactant concentrations. The 
program assumes that both reactants are present in dilute solution and react in the 
forward direction with rate constant kf to form a 1:1 adduct, and in the reverse 
direction, with rate constant kr, the adduct decomposes to reform the original 
reactants. The listing of this computer program is given in appendix 44.
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A  comparison of the values for the rate constants kf and kr obtained from these two 
methods, for selected reactions, are reported below. The kr values were calculated 
from the relationship Keq = k/kr. (Where the rate constants fyand kr are in s'1.)
Carbonyl
Reactant
pH With
AcHzd
K eq
Linear
Regression
kf
Iterative
kf
Linear
Regression
kr
Iterative
K
Ac 6 55.8 1.4 x 10” 1.7 x 10‘3 2.5 x 10‘5 3.0 x 10”
HAc 6 19.9 5.6 x 10'3 5.8 xlO” 2.8 x 10” 2.9 x 10”
B U T 6 18.8 5.9 x IO-4 5.3 x 10” 3.1 x 10” 2.8 x 10”
etacac 6 104.9 1.6 x 10‘3 1.0 x 10-3 1.5x10” 1.0 x 10”
etacac 6 112.0 1.7x10” 1.4 x 10'3 1.5 x 10” 1.3 x 10”
etacac 6 137.3 2.3 x 10'3 1.8 x IO"3 1.7x10” 1.3x10”
Carbonyl
Reactant
pH With
BzHzd
Keq
Linear
Regression
kf
Iterative
kf
Linear
Regression
K
Iterative
kr
Ac 6 25.4 7 x 10” oT—<X00 3 x 10” 3x10”
Ac 10 9.1 2.7 x 10” 2.4 x 10” 3.0x10” 2.6 x 10”
Ac 6 21.1 1.0x10” 1.5 x 10” 5x 10” 7x10”
HAc 6 18.8 1.5 x 10” 1.8 x 10” 8.0 x 10” 9.6 x 10”
D A A M 10 29.5 2.0 x 10” 2.5 x 10” 7x10” 9x 10”
etacac 6 63.3 4.4 x 10” 2.2 x 10” 7x 10” 4x10”
Relatively good agreements are found between the two methods. The differences 
observed for etacac may be explained by the instability of the hydrazone equilibrium 
compared to the strong decomposition tendencies of etacac itself. The large 
difference for etacac with BzHzd may be explained by the added decomposition side 
reaction of BzHzd. It may only be a small effect at pH 6, but could be significant 
when linked with the decomposition of etacac.
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4.5 Discussion
The expected reaction is the attack of hydrazide on the ketone to form a 
carbinolamine intermediate structure. Loss of water then occurs to form the 
hydrazone product.
However, in all the cases studied, the carbinolamine structure was not observed and 
therefore its rate of dehydration is appreciably faster than its rate of formation.
The overall condensation reaction is second-order, being first-order with respect to 
each reactant. General structure-reactivity relationships were observed for each 
hydrazide compound. The relative rate of hydrazone formation decreases in the order:
AcHzd, BzHzd: HAc > 2-B-3-OH > etacac > Ac = B U T  > PIN
where pH 3 > pH 10 s pH 6 
and AcHzd > BzHzd
SDH, ADH: HAc > 2-B-3-OH > Ac = B U T  > D A A M
R1R2C=NNHCOR3
ketone hydrazide carbinolamine hydrazone
at pH 6 
and S D H  > A D H
DAA, D A A M :  AcHzd > BzHzd > S D H  = A D H
where pH 3 > pH 10 > pH 6 
and D A A  = D A A M
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The difference in the observed reaction rates amount to about one order of magnitude 
for AcHzd and BzHzd, on average, with AcHzd being the faster reactant. Similar 
relative reaction rates are observed between S D H  and ADH, where S D H  is the faster 
reactant. Overall, S D H  and A D H  usually react more rapidly with keto-carbonyl 
compounds to form hydrazone products at pH 6 than the mono-functional hydrazides.
The sterically hindered carbonyl compounds (DAA, D A A M ,  PIN) showed much 
slower rates of reaction at pH 6 compared to the other carbonyl compounds in this 
study. D A A  and D A A M  may also be subject to intramolecular hydrogen-bonding 
when in an aqueous environment. In order for a reaction to occur with the hydrazide 
molecule, these bonds must first be broken. The energy required to do this may come 
from acid- or base-catalytic processes occurring in the pH 3 and pH 10 aqueous 
media. !H - N M R  spectroscopy cannot yield this type of information, but the reaction is 
significantly faster in the presence of acid or base, and most rapid in acidic media. It 
is interesting to note that there appears to exist some sort of compromise between the 
rate of the reaction and the equilibrium position. The faster the equilibrium is 
achieved, the lower is the proportion of hydrazone present at equilibrium.
The reactions did not show the simple kinetic form expected. The formation of two or 
more isomers was not accounted for in the derived rate expression. This would not 
affect the calculated rates to such an extent if the isomers formed at the same rates. 
The fact that for D A A  and D A A M  reactions with the hydrazide group mostly result in 
hydrazone peaks of unequal integrals, strongly suggests that they have different rates 
of formation. The combined effects of the side reactions and their rate processes show 
that the overall observed rate is too complex to reflect in a simple equation such as 
the derived one. Nevertheless, the effect of pH on these reactions is evident, and may 
assist in understanding the crosslinking process in the model polymer systems.
No relationship was found to exist between the observed rate constants (kj) and the 
concentration of reactants, and the equilibrium constants (Keq) were generally only 
slightly affected. The errors in the integral measurements were mainly incurred when
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peaks were too close together to fully resolve. A  degree of estimation was therefore 
employed, but such errors were not measurable.
These results were expected to be representative of the crosslinking reaction in model 
emulsion polymer systems of the oil-in-water type. The earlier observation that a 
hydroxyl group being a- to the keto-carbonyl increases the rate of reaction compared 
to the alkyl analogue, was found to be true for all the hydrazide-carbonyl reactions 
studied. This is used to advantage in the polymer studies described in chapter 5, 
where a range of acrylate ester monomers (synthesised from their alcohol precursors) 
are expected to show good crosslinking with dihydrazides.
137
Chapter 5 
Related Polymer Systems
5.1 Introduction
A  range of model polymers were synthesised to study their reaction with external 
hydrazide-containing compounds. The reaction between carbonyl groups and 
hydrazide groups observed in the low molecular weight model studies were expected 
to be translated to the polymer environment.
Polymers were made by two methods, solution polymerisation and emulsion 
polymerisation. Solution polymers are easier to analyse due to their higher solubility, 
and this advantage was used to obtain general information about the common 
backbone (made from n-butyl acrylate and methyl methacrylate) and the effects of 
incorporating low levels of other monomers. This information was used to assist in 
the more difficult analysis of the emulsion polymers.
Emulsion polymer systems are desirable because their conditions of synthesis, using 
water as the solvent, result in very low volatile organic content (VOC) compositions. 
Better film properties are also obtained from the higher molecular weight polymers 
made by the emulsion polymerisation method compared to solvent-based methods. 
Molecular weights are often limited by viscosity increases as the polymerisation 
proceeds in solvent methods. Emulsion polymers do not experience this problem 
since the polymerisation process takes place inside micelles of surfactant forming 
stabilised particles, rather than long open chains which tangle and cause the viscosity 
to increase. The evaporation of water to the environment from an emulsion coating is 
considered to be far less damaging than solvents from a solution polymer coating. 
Consumers of end-products containing the polymer composition also cite health and 
safety reasons for preferring to use the water-based emulsion polymers.
Methods of testing these polymers included general subjective film testing and 
comparative swelling studies. Some thermal analysis work was also carried out, but 
was found to be largely unsuitable for emulsion polymers.
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A  commercially available aqueous emulsion polymer system, believed to undergo 
self-crosslinking by a similar route (Le. using carbonyl-hydrazide chemistry), was 
used as the performance standard for all the model polymers. Since the actual identity 
of this polymer composition is commercially sensitive, it will be referred to as 
polymer X  throughout this study.
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5.2 Model Solution Polymers
5.2.1 Polymer Compositions
As test models for the emulsion model polymers, low levels of a mono-carbonyl 
compound (diacetone acrylamide, D A A M )  and 2-(acetoacetoxy)ethyl methacrylate 
(AAEM) which contains one carbonyl group and one carboxyl group (in the 1,3- 
positions) were incorporated into a majority backbone of w-butyl acrylate (BA) and 
methyl methacrylate (MMa) to attempt to study their reaction with a dihydrazide 
(adipic dihydrazide, ADH). The possibility of the reaction between the carbonyl 
groups with A D H  being acid-catalysed (as indicated in the model studies in chapter 3) 
was studied using models containing acrylic acid (AA) as well as B A  and M M a  in 
their polymer backbone.
5.2.2 Polymer Synthesis
Polymers were synthesised using the solution polymerisation method (described in 
section 2.4.1) with 50% isopropanol, where the ratio of B A : M M a  (2:3) was kept the 
same throughout. The polymers were made with the following commercial monomer 
content.
Polymer % B A % M M a % A A % D A A M % A A E M
A 40 60 _ - -
B 30 45 25 - -
C 38 57 - 5 -
D 38 57 - - 5
E 28 42 25 5 -
F 28 42 25 - 5
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5.2.3 Po lym er Characterisation
Microanalysis was performed on dry polymer samples. The solvent was removed by 
carrying out rotary evaporation for an hour at 50°C under full water vacuum. The 
polymer bubbled up to form a white open network in the flask during this procedure 
and dried in that fashion. This collapsed to a white powder during removal from the 
flask. The elemental contents are given below.
Polymer % C % H % N
A: Found 62.44 8.79 0.00
Theoretical 62.25 8.55 0.00
B: Found 58.87 8.34 0.00
Theoretical 59.18 7.80 0.00
C: Found 62.48 8.90 0.38
Theoretical 62.34 8.56 0.41
D: Found 62.37 8.75 0.00
Theoretical 61.94 8.45 0.00
E: Found 58.84 7.95 0.37
Theoretical 59.28 7.81 0.41
F: Found 58.67 7.85 0.00
Theoretical 58.88 7.70 0.00
Good agreement between theoretical and actual values were obtained in general, but 
larger differences are probably due to persistent traces of solvent trapped between 
polymer chains.
FTIR spectra of the samples as KBr plates showed large O H  absorptions for those 
containing acrylic acid and the expected ester carbonyl absorptions for all the 
samples.
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5.2.4 Solub ility  Tests
The dry polymer samples were tested for solubility in various solvents at room 
temperature. All polymers dissolved in THF, acetone, ethyl acetate, and butanone. 
Polymers containing acrylic acid (B, E and F) were also re-soluble in isopropanol (the 
solvent in which they were originally synthesised) and, further, solubilised by 
water/ammonia mixtures. This is another route for obtaining an aqueous suspension 
of organic polymers without the need for emulsion preparative techniques. While 
polymers containing no acrylic acid were soluble in acetonitrile, the incorporation of 
acrylic acid apparently rendered them insoluble.
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5.3 Model Acrylic Emulsion Polymers
5.3.1 Polymer Compositions
Low concentrations of crosslinkable monomer (i.e. with pendant carbonyl groups) 
were incorporated along an acrylic backbone of methyl methacrylate and «-butyl 
acrylate. Three polymers were made containing D A A M  (commercially available) at 
levels of 1%, 2.6% and 5 %  by weight of total monomer weight. These levels were 
chosen since previous work(l76) indicated that the optimum crosslinking level for 
D A A M  in this type of acrylic polymer is 2.6%. Therefore levels either side of this 
value were also chosen for study, i.e. 1% and 5%. Three more contained the A A E M  
(commercially available) molar equivalent of 1%, 2.6% and 5 %  D A A M  by weight of 
total monomer weight. These model polymers were used to investigate the effect of 
available carbonyl concentration with various external crosslinkers under different 
environment conditions (i.e. pH 2-3 and pH 6-7). For each synthesised crosslinkable 
monomer, one polymer was made containing the molar equivalent of 2.6% D A A M  by 
weight of total monomer weight for direct comparison.
The polymers were made by the classic emulsion polymerisation method, with water 
as the continuous phase and water-soluble initiator and surfactant, in order to obtain 
almost uniformly sized polymer particles stabilised in an aqueous environment.
5.3.2 Monomers
The two main monomers in the polymer backbone were methyl methacrylate (MMa, 
Aldrich) and /7-butyl acrylate (BA, Aldrich) chosen for their ease of polymerisability 
via the emulsion polymerisation method and established good film-forming 
properties. A  third monomer, incorporated in the polymer backbone for its 
crosslinking potential, changed according to the type of pendant carbonyl moiety 
required for crosslinking experiments. The preferably ketonic monomers needed to
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possess an acrylate or acrylamide functionality for maximum compatibility when 
polymerising into the acrylate backbone. Only two such monomers were 
commercially available - diacetone acrylamide (DAAM, Aldrich) and 
acetoacetoxyethyl methacrylate (AAEM, Eastman Chemical Company). To mimic 
more closely some of the lower molecular weight models, four others were 
synthesised from the respective alcohol precursors (see section 2.3.2). These were: 
diacetone alcohol acrylate (DAAC, M W  170); acetonyl acrylate (AAC, M W  128); 4- 
hydroxy acetophenone acrylate (AP-4-AC, M W  190); and 3-hydroxy-2-butanone 
acrylate (2-B-3-AC, M W  142). The structures of these monomers are shown in 
section 2.3.2.3.
5.3.3 Polymer Synthesis
Full experimental details of the emulsion polymerisation method are described in 
section 2.4.2. Polymers were made with the following commercial monomer content.
Polymer
Code
%  M M a %  B A % D A A M  
( M W  169)
%  A A E M  
( M W  214)
CPT-1 49.50 49.50 1.00 -
CPT-2 48.70 48.70 2.60 -
CPT-3 47.50 47.50 5.00 -
CPT-4 48.70 48.70 2.60 -
CPT-5 49.35 49.35 - . 1.30
CPT-6 48.35 48.35 - 3.30
CPT-7 46.85 46.85 - 6.30
The preparation of one polymer (CPT-2) was repeated since poor temperature control 
may have resulted in an inferior emulsion, characterised by a relatively large amount 
of flocculant. The repeated polymer (CPT-4) gave less flocculant and was therefore 
considered to be more stable. CPT-2 was included in all tests, however, in order to 
observe possible detrimental effects to performance. Commercially-produced
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polymers should ideally be fairly resistant to small processing fluctuations, such as 
temperature control. Polymers made from the synthesised monomers had the 
following compositions.
Polymer
Code
%  M M a %  B A Active Monomer 
(2.6% D A A M  equivalent)
CPT-8 48.70 48.70 2.60% D A A C
CPT-9 49.015 49.015 1.97% A A C
CPT-10 48.54 48.54 2.92% AP-4-AC
CPT-11 48.91 48.91 2.18% 2-B-3-AC
5.3.4 Polymer Characterisation
The polymers were initially characterised by measuring the amount of flocculation 
collected on filtration (dry weight), solids content, pH, viscosity, and particle size. 
The particle sizing method and solids content determination method are described in 
sections 2.1.10 and 2.1.12 respectively. The pH values were usually measured by 
Bruker indicator papers covering the ranges pH 1-12 and, more accurately (±0.5 pH 
units), pH 1-4 and pH 4-6. These pH values were later confirmed by use of a hand­
held pH meter (initially unavailable). The polymer viscosities were measured at 
25±2°C by a portable Brookfield L V T  Viscometer. Microanalysis was also carried 
out.
5.3.5 Results
All reported values are the average of at least two measurements, except flocculation. 
The 2.6% D A A M  polymer preparation was repeated (CPT-2 and CPT-4) since an 
unusually large amount of flocculant was collected from CPT-2. This was due to poor 
temperature control during both the seed and feed stages which was corrected in 
subsequent.polymerisations. As a result, CPT-4 produced less flocculant than CPT-2.
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The polymers containing A A E M  consistently generated much less flocculant than 
those containing D A A M  indicating better system compatibility and, therefore, 
emulsion storage stability.
Unexpectedly, all the polymers made for this study showed pH values of 2 except 
CPT-11 which showed pH 5. One reason could be the possible presence of residual 
acrylic acid from the synthesis method of the commercial monomers.
Polymer
Code
Flocculation
(g)
%  Solids 
Content
pH Viscosity
(mPa.s)
Particle Size (nm) 
with (polydispersity)*
CPT-1 11.00 44.7 2 203 106 (0.04)
CPT-2 38.66 45.2 2 49 113(0.03)
CPT-3 20.88 45.1 2 116 110 (0.08)
CPT-4 11.92 44.6 2 100 106 (0!07)
CPT-5 0.76 44.9 2 107 105 (0.04)
CPT-6 0.49 45.2 2 93 106 (0.08)
CPT-7 0.42 44.9 2 87 105 (0.05)
CPT-8 0.82 44.8 2 52 102 (0.06)
CPT-9 0.66 45.5 2 83 107 (0.05)
CPT-10 0.62 46.2 2 78 108 (0.04)
CPT-11 1.77 45.0 5 47 108 (0.05)
Samples of the solid polymers were obtained by freeze-drying a portion of the 
emulsion to give a white material which was a powder when thoroughly dry. The 
microanalysis results of these dry samples are given in the table overleaf.
* Polydispersity for this light scattering method is rated on a scale o f  0-1; zero indicating a monodisperse 
system (particles o f  equal size), and unity indicating a polydisperse system (particles all different sizes). 
F or the quoted particle size, the polydispersity value indicates the number o f  particles falling outside this 
size. For emulsion polymers, a value approaching 0.25 is considered poor(1).
147
Polymer
Microanalysis
% C % H % N
CPT-1 Found 62.45 9.21 0.00
Theoretical 62.80 8.75 0.08
CPT-2 Found 62.31 9.15 0.27
Theoretical 62.82 8.75 0.22
CPT-3 Found 62.31 9.18 0.56
Theoretical 62.85 8.75 0.41
CPT-4 Found 62.37 9.18 0.25
Theoretical 62.82 8.75 0.22
CPT-5 Found 62.00 9.14 0.00
Theoretical 62.70 8.72 0.00
C PT-6 Found 62.15 9.10 0.00
Theoretical 62.57 8.67 0.00
C PT-7 Found 61.82 9.04 0.00
Theoretical 62.37 8.61 0.00
CPT-8 Found 61.98 9.11 0.00
Theoretical 62.81 8.73 0.00
C PT-9 Found 61.92 9.10 0.00
Theoretical 62.66 8.70 0.00
CPT-10 Found 62.48 9.04 0.00
Theoretical 62.99 8.64 0.00
CPT-11 Found 62.26 9.15 0.00
Theoretical 62.71 8.71 0.00
The detection limit of this method for nitrogen is indicated by the fact that 0.08% was 
not detected in CPT-1. Fairly large errors are apparent for less than 1% nitrogen 
contents.
There was generally good agreement between the theoretical and actual values for 
carbon and hydrogen. Minor variations were most likely to be due to incompletely dry 
samples.
5.3.6 N M R  Spectra of Dried Polymers
Dried polymer samples were dissolved in CDC13 and the ‘H - N M R  spectra recorded. 
The majority of the polymer backbone contained M M a  and BA, with only small 
amounts of crosslinkable monomer present. It was therefore not expected to see large
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changes in the spectra, but small changes were expected for at least the 5 %  monomer 
levels.
The general acrylate spectrum was obtained for D A A M  polymers, with the peaks 
assigned as follows: 4 p p m, saturated ester C H 2; 3.7 ppm, saturated C H 3; 1.9 ppm, R- 
C H 2-C-0; 1.6 ppm, -CH-R; 1.4 ppm, aliphatic C H 2; 1.3 ppm, C H 3-C-0; 0.9 ppm, 
aliphatic C H 3’s. The signal at 0.9 ppm was a singlet and fairly broad at 1% D A A M ,  
but was better defined and showed multiple splitting for 2.6% and 5 %  D A A M  
polymers. A  small peak at 2.1 ppm was ascribed to the acetyl C H 3 group for D A A M ,  
which also increased in size and was better resolved in the 2.6% and 5 %  D A A M  
polymers. No residual monomer was present since no peaks were found in the 
acrylate region at 6.5-5.5 ppm.
Similar spectra were obtained for A A E M  polymers, with an extra peak at 4.4 ppm for 
the C H 2-0-C0-R protons in AAEM. This peak was hardly visible in the 1.3% A A E M  
polymer but grew successively larger with the 3.3% and 6.3% A A E M  polymers. Also 
present and successively increasing in size, was a peak at 2.3 ppm ascribed to the 
other methylene protons in A A E M  at the C H 2-CO-R position.
The other polymers (CPT-8 to CPT-11) also had similar spectral profiles to D A AM. 
CPT-8 (2.6% DAAC) and CPT-9 (1.97% AAC) showed no differences at all. CPT-10 
(2.92% AP-4-AC) contained an extra sharp peak at 2.6 ppm due to the C H 3-CO-Ar 
methyl protons. CPT-11 (2.18% 2-B-3-AC) had a more pronounced peak at 1.6 ppm 
than in the other polymers due to the -CH- proton appearing at the same place as the 
backbone C H 2 protons, and no distinct peak at 2.1 ppm where other acetyl methyl 
protons are in other polymers. This may be due to the steric hindrance of the branched 
form of the methyl ketone.
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5.3.7 V iscos ity  Change w ith  A D H  A d d it ion  - T r ia l Test
A  trial test was carried out to detennine whether bulk viscosity changes may be 
detected between two samples of a crosslinkable polymer, one with 10% on total 
weight of a 10% adipic dihydrazide (ADH) aqueous solution added, and one with 
only the equivalent weight of water added. The samples (using CPT-2, 2.6% D A A M )  
were prepared 24 hours prior to testing in an attempt to encourage the crosslinking 
reaction. Using the Brookfield LV T  Viscometer no differences could be detected, 
especially since the diluted polymer had much lower viscosity than the non-diluted 
polymer and the diluted viscosity values were very close to the detection limit of this 
type of viscometer.
The viscosities were again measured a few days later using the more sensitive Bohlin 
Rheometer equipment. The results were very close with the polymer containing only 
water actually having slightly higher viscosity readings than the polymer containing 
the A D H  solution.
It was concluded that, since there was no viscosity increase on the addition of A D H  
even after 4-5 days, either: (i) no reaction had occurred at all, explaining good storage 
stabilities of similar compositions; (ii) only one hydrazide end of each A D H  molecule 
had reacted with the polymer, in which case no viscosity increase would be expected 
to be observed since the maximum reaction could only occur to a level of 2.6%; or 
(iii) crosslinking had occurred, but only inside the polymer particles, which would 
again not cause an increase in viscosity. It was expected that the full crosslinking 
reaction would proceed if a film was drawn and water could evaporate, bringing the 
reactive sites closer together.
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5.4 Solution Polymer Testing
Tests were carried out alongside the reference commercial emulsion polymer, called 
polymer X.
5.4.1 T G A  and D S C  Studies
These techniques, described in sections 2.1.5 (TGA) and 2.1.6 (DSC), were used to 
observe changes between the model polymers in relation to their monomer content, 
and polymer X.
The presence of acrylic acid changed the breakdown pathway of the models with heat 
- they became 3-stage rather than 2-stage - shown by both T G A  and DSC. Compare 
appendix 29 (TGA trace of B A / M M a  polymer) with appendix 30 (TGA trace of 
BA/MMa/AA polymer). About 10% of the initial weight still remained at around 400° 
C  when acrylic acid is present, whereas when acrylic acid was not present virtually all 
the sample had degraded by 400°C. The major degradation temperature recorded by 
T G A  for models without acrylic acid was consistently 350°C, but for those with 
acrylic acid the major degradation temperature varied around the 350°C mark 
according to the other monomers present.
D S C  exotherms at 350°C were not prominent in those models containing acrylic acid 
but were present in those not containing acrylic acid. Polymer X  showed an exotherm 
at about 350°C, indicating that acrylic acid was not likely to be present. T G A  traces 
consistently showed substantial weight loss at about 475°C only when acrylic acid 
was present. Polymer X  did not exhibit such a weight loss at this temperature - in fact, 
it was totally decomposed by about 400°C.
Reaction of the models with 5 %  addition of Jeffamine D400 (an alkyl diamine of 
M W  400, expected to perform as a crosslinking agent) was also studied by TGA. The
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traces obtained for models incorporating Jeffamine D400 more closely resembled the 
trace for polymer X  than those without. The traces also indicated that there was no 
residual Jeffamine, it must have all reacted into the polymer in each case. The 
Jeffamine seemed to serve to stabilise the polymers to thennal decomposition, since a 
higher breakdown temperature was achieved and the breakdown pathway changed. 
This may be in accordance with a crosslinking reaction. A  very small weight loss at 
around 200°C was only observed when the Jeffamine was present. Models containing 
aciylic acid and Jeffamine (appendix 31 shows the T G A  trace of the 
BA/MMa/AA/DAAM polymer with Jeffamine) showed the effect of variance of 
monomer composition, and multi-stage rather than 2- or 3-stage breakdowns occurred 
indicating a possible additional reaction of acrylic acid itself with the Jeffamine - 
unlike polymer X.
5.4.2 D E T A  Experiments
This technique is described in section 2.1.4.
Experiments performed on polymer X  comparing the use of untreated PE and corona 
discharge treated PE as the substrate showed no significant effects in their profiles. 
The treated PE substrate has been used as standard for all the model polymers.
The effect of acrylic acid as a component in the models was significant. In the 
simplest case, comparing models A  and B  (BA/MMa with and without AA, appendix 
32), acrylic acid appeared to have caused a shift in the observed transitions to lower 
temperatures, but the main difference was a large broad transition at about 90°C. This 
could be due to water even though the film was dry and there was no water present in 
this system since residual water could be trapped in the film (AA is hygroscopic and 
may trap water in the film). Isopropanol was the solvent for all the model polymers. 
Similar effects were observed for models D  and F ( A A E M  with and without AA), but 
A A E M  appeared to play a more prominent role when acrylic acid was present. The
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lower temperature transitions were further apart, and the lowest temperature 
transition had a far shallower profile when acrylic acid was present (see appendix 33).
5.4.3 GC-MS and Pvrolvsis-GCMS Analysis
GC-MS was performed at two temperatures: 610°C to pyrolyse all the components of 
the system and record the mass spectrum of polymer components, and 250°C to 
obtain the spectrum of (theoretically) just the volatiles in the system. Section 2.1.8.2 
describes these methods.
The major components gave mass peaks consistent with «-butyl acrylate and methyl 
methacrylate, but the majority of the peaks were from ‘unknown’ compounds, in the 
pyrogram of polymer X  at 610°C.
The "volatiles" spectrum obtained at 250°C, where it was assumed that pyrolysis had 
not occurred, was expected to yield information on the residual monomers and/or 
solvents that may be present in polymer X. The spectrum was so complicated, 
however, that it yielded practically no useful information. It was thought that at 
250°C, acrylic polymers may break down or undergo pyrolysis when other more 
robust polymers do not. Thermal analysis was performed on polymer X  to establish its 
breakdown temperature, which was found to be at about 370°C. The volatiles 
technique was not pursued further, however, and priority was given to other work.
Pyrolysis of the model polymers gave similar pyrograms to polymer X, enabling the 
identification of both B A  and MMa. A  small peak with mass spectrum consistent with 
an acrylamide was present in those polymers containing D A A M .  The peak was not 
present in A A E M  polymers, but indeed no peak specific to A A E M  was found either. 
Acrylic acid was clearly identified in all polymers containing it. Owing to the small 
quantities of D A A M  and A A E M  present it should not be surprising that the peaks 
were not better defined or larger in size compared to the very large B A  and M M a
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peaks. Acrylic acid, at 25% concentration, was expected to be more easily identified 
than D A A M  or AAEM.
Samples of dilute polymer solutions containing A D H  as an aqueous solution (10% 
w/w) were subjected to pyrolysis-GCMS in order to attempt to identify A D H  as a 
component. No changes were found when compared to the original polymer 
pyrograms. An equivalent solution of polymer X  spiked with A D H  also showed no 
changes. This technique was attempted several times with progressively larger 
relative quantities of ADH, but no positive results could be obtained. The method was 
abandoned.
5.4.4 GPC-MD Analysis
Similar A D H  identification methods were attempted by GPC (see section 2.1.7) in the 
hope that a reaction might cause increases in relative molecular weights. No such 
change was found in solutions of the model polymers, or polymer X. However, on 
increasing the dose of ADH, a progressively larger peak at low molecular weight was 
observed. For polymer X, additional peaks were present in its chromatogram. A  lower 
molecular weight species was identified by the high M W  set of columns (see section
2.1.7) thought to correspond to a protective colloid or a second lower molecular 
weight polymer such as may exist in a polymer blend. Two small peaks were 
identified by the low M W  set of columns thought to correspond to low molecular 
weight compounds such as a surfactant, and possibly a crosslinking agent similar to 
ADH. Since polymer X  is an emulsion polymer these results are not unexpected. The 
molecular weight details are given in section 5.5.1. No actual reaction could be 
determined between A D H  and the polymers, so this method was not pursued further.
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5.4.5 HPLC-UV Analysis
This was the next method used in an attempt to observe a reaction between A D H  and 
the polymers (see section 2.1.9). Polymer X  is an aqueous system and requires a 
reverse phase column, trials were therefore carried out using this system before the 
model polymers required a change of column. A  technique suitable for the reference 
polymer was considered a priority at the time.
Aqueous solutions of polymer X, A D H ,  and polymer X  spiked with A D H  at levels 
ranging from 2.5% to 2 5 %  were analysed under the same conditions. In the 
chromatogram for polymer X  alone, a large fairly broad peak quickly followed by a 
m u c h  smaller peak was obtained. The peak for A D H  alone appeared at a similar 
retention time to that of the smaller peak in polymer X, but the loading of compound 
can affect the retention time recorded. The polymer X  solutions spiked with 2 5 %  
A D H  were very overloaded and completely obscured the smaller peak, and that 
spiked with only 2.5% A D H  was not sufficiently loaded to the extent that the 
spectrum obtained looked no different to that of the original. Further investigations 
using a range of spiked polymer X  solutions between 2.5% and 2 5 %  A D H  were 
inconclusive even on optimisation of the conditions under which the samples were 
analysed. The only observation was that the peak is caused by the presence of a 
compound other than, but possibly similar to, A D H .
Since no reaction between A D H  and polymer X  was detected by this method, it was 
also not considered suitable for the model polymers.
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5.5 Emulsion Polymer Testing
The model organic polymers, containing pendant carbonyl groups as side chains along 
the backbone, was stabilised in the aqueous environment by surfactant. A  difunctional 
crosslinking agent was dissolved in water at a suitable concentration then mixed 
directly into the emulsion polymer with stirring. Samples for film testing and swelling 
studies were prepared by this method. In order to confirm that the expected 
crosslinking reaction had taken place, several subjective tests were carried out on the 
dry polymer samples alongside control systems.
5.5.1 General Characteristics of Polymer X
The particle size of polymer X  was determined by the laser light scattering method to 
be 112.6 n m  with polydispersity 0.089. This was similar to the values obtained for the 
model emulsion polymers in section 5.3.5.
The polymer solids content of polymer X  was found to be about 4 9 %  by the 
evaporation method described in section 2.1.12, also similar to the model polymers.
G P C - M D  analysis (from section 5.4.4) indicated four peaks corresponding to M W  
155,000 (polydispersity, 5.610), M W  1860 (polydispersity, 1.004), M W  372 
(polydispersity, 1.021), and M W  188 (polydispersity, 1.010). The two highest M W  
peaks were assumed to represent the main polymeric components of polymer X, but 
the smaller of the two could have c o m e  from a surfactant material, or a protective 
colloid, or a second polymer if a blend was in fact present. The two smaller 
components were thought to correspond to a crosslinking agent and a surfactant-type 
material, but no further information could be gained from this method.
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5.5.2 General Film Testing
Since analysis of emulsion polymers by the usual methods is notoriously difficult, 
especially those of which undergo crosslinking at ambient temperature, subjective 
tests were used to show crosslinking.
Samples were prepared by mixing an aqueous solution of the reactant into the 
emulsion polymer at the required concentration, then drawing a film of it and the 
reference composition side-by-side onto a treated P E  substrate. The tests applied to 
each film are described in section 1.1.6. The reactants studied were: water 
(reference), acetic hydrazide (AcHzd, reference), carbohydrazide (CaHzd), succinic 
dihydrazide (SDH), adipic dihydrazide (ADH), and 1,4-diaminobutane (DAB). The 
molecular weight equivalent of 1 0 %  w / w  A D H  solution (taking functionality into 
account) was used in each case as the reactant solution. The solution was then mixed 
into the polymer samples at the level of 1 0 %  w/w, i.e. 10 g of a 1 0 %  w / w  A D H  
solution was added to 90 g polymer. In order that the viscosities remained similar, 
1 0 %  water was added to polymer X  prior to testing. The performance of polymer X  
was the target for the model polymers. Since polymer X  showed p H  8-9, each test was 
performed at p H  3 and p H  7, except D A B  reactions all showed p H  11 due to the high 
basicity of the amine. Each test was performed (i) after drawing the film and drying it 
for a few seconds with a hot air dryer, (ii) after 24 hours, and (iii) after 48 hours. The 
aged films were stored at room temperature during the intervening time.
The results are tabulated in appendices 34 through to 39 inclusive. Each table shows 
the relative performance of the emulsion polymer samples (CPT-1 to CPT-11) under 
each test compared to polymer X. O n  completion of the test, each film was rated on a 
performance scale of one to five, with five being equal in performance at each testing 
stage to polymer X, and one as giving very poor performance compared to polymer X.
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5.5.3 Swelling Studies
Swelling studies were carried out in order to show the occurrence of the crosslinking 
reaction in model polymers w h e n  mixed with a crosslinking agent (crosslinker).
Samples were again m ad e  by mixing 1 0 %  w / w  of an aqueous solution of various 
potential crosslinking agents (to contain the equivalent concentration of functional 
groups as a 1 0 %  w / w  A D H  solution) to polymer, p H  adjusted where necessary, and 
dried in tin lids for a few weeks. S o m e  samples gained colour during this stage, which 
m a y  be due to interactions of the hydrazide groups with metal ions. A  table of the 
sample colourations observed is given in appendix 40. The samples were studied at 
two values of pH, since the kinetic studies indicated that acid-catalysis of the reaction 
m a y  enhance the reaction. Polymer X  showed a value of p H  8-9, and therefore a 
higher p H  value than 2 was studied. Polymer X  was not used as a reference in this 
case. Water and the mono-functional A c H z d  were used as the references for the 
reaction of the polymers with CaHzd, S D H ,  A D H  and D A B .
Dried samples were cut into six almost uniformly sized rectangular pieces, usually of 
approximately 4 x 3 x 1.5 m m 3. A  range of six solvents was used to swell these 
polymer pieces in order to determine which solvent gave the best swell ratio. The 
pieces were weighed by four-figure digital balance, and measured by travelling 
microscope using a vernier scale: (i) prior to swelling; (ii) at m a x i m u m  swell, judged 
to have been reached w h e n  no further weight increases were detectable; and (iii) 
w h e n  the dry polymer had again reached constant weight.
The results are shown in tabular form in appendices 41,42 and 43. Whe re  the piece of 
cured polymer had actually dissolved in the solvent, ‘diss’ has been entered. If, on 
drying, the polymer film-formed and did not keep its shape, ‘filmed5 has been 
entered, or ‘part film5 if most of it film-formed. In these cases the polymer could not 
be removed from the substrate for weighing. The swell %  denotes the swell ratio, i.e. 
(swollen weight - original dry weight)/final dry weight, expressed as a percentage.
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The gel %  denotes the gel ratio, i.e. dried weight/original dry weight, expressed as a 
percentage, and represents the amount of polymer lost into the solvent.
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5.6 Discussion
Unfortunately, none of the polymer systems performed quite as well as polymer X  in 
their film tests. However, the results were encouraging since all the polymers 
incorporating just water or the mono-hydrazide failed the most important tests, i.e. 
water-resistance and tape adhesion, at both p H  3 and p H  7. S o m e  samples came very 
close to equalling polymer X  in performance. All the CPT-11 samples showed p H  5 
and 8 respectively, due to its original p H  of 5 compared to the other polymers which 
show p H  2. The exception is, of course, w h e n  D A B  is the reactant which is p H  11.
Films giving the best performance, i.e. films rated 4, were shown by the following 
polymer compositions.
Model Polymer Reactant p H
CPT-2 C a H z d 7
CPT-3 C a H z d 7
CPT-4 C a H z d 7
CPT-7 C a H z d 7
CPT-2 S D H 7
CPT-3 S D H 3
CPT-3 S D H 7
CPT-4 S D H 3
CPT-7 S D H 7
CPT-9 S D H 7
CPT-3 A D H 3
CPT-3 A D H 7
CPT-4 A D H 7
CPT-7 A D H 7
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The reactions appeared to be enhanced by the higher p H  value. This was not in 
accordance with the results in the model studies. However, these are subjective tests 
and were difficult to accurately quantify on this scale. M a n y  polymer-reactant 
combinations did perform well at p H  3, but usually performed just as well at p H  7. 
The best reactions overall were observed for S D H  compositions, which was indicated 
in the model studies, although A D H  was very close in performance. C a H z d  only 
seemed to perform well at the higher p H  value. Since no kinetic study was carried out 
for this compound, it is difficult to postulate reasons for this behaviour. In general, it 
seemed the shorter chain length in S D H  resulted in an enhanced reaction, but C a H z d  
is even shorter in chain length and does not perform as well as S DH ,  or even as well 
as A D H .  The poor results obtained for 1,4-diaminobutane (denoted D A B  in this 
section for simplicity) were expected since the lower molecular weight model studies 
indicated its reaction with hydrazide groups to be very slow. However, some reaction 
must have occurred due to a slight improvement in performance compared to the 
standards.
The results of the swelling studies gave overall similar results to those shown by the 
film tests, with polymer-reactant compositions at the higher p H  value showing more 
crosslinking. This is represented by the calculation of the number average molecular 
weight between crosslinks, Mc, for those samples which did not dissolve in the 
solvent (which gave the m a x i m u m  swell ratio for that sample) but held their shape 
well during the swell-dry process described in section 5.5.3. All the samples were 
measured with carbon tetrachloride as the best solvent, except for C P T - 1 1 (pH 5) 
which was best swollen in benzene (Vm =  89 c m 3). The equation used to calculate Mc 
is described in section 1.2.5.1, where qe =  V/V0, / =  2, and Vm =  97 c m 3 for carbon 
tetrachloride. The term xJqe2 approximates to zero w hen the experiment is conducted 
using the solvent which gives the best swell ratio for that polymer sample.
A  table of the calculated Mc values for the suitable polymer compositions is given 
overleaf.
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Polymer Sample pH mass
(g)
V0
(cm3)
V
(cm3)
4e P
(gem"3)
M c
CPT-6/DAB 11 0.0105 7.80xl0'3 0.0865 11.10 1.346 10827
CPT-7/DAB 11 0.0083 9.47x10‘3 0.0419 4.42 0.876 1076
CPT-ll/CaHzd 2 0.0164 17.6xl0"3 0.2000 11.36 0.932 7187
CPT-2/CaHzd 2 0.0189 16.7xl0‘3 0.1522 9.11 1.132 6229
CPT-3/CaHzd 2 0.026 23.5x1 O'3 0.1488 6.34 1.108 2953
CPT-4/CaHzd 2 0.0283 23.6xl0"3 0.3204 12.03 1.063 9956
CPT-2/CaHzd 6.5 0.0060 5.05x10‘3 0.0342 6.77 1.189 3625
CPT-3/CaHzd 7 0.0106 8.61xl0‘3 0.0370 4.30 1.232 1422
CPT-4/CaHzd 6.5 0.0077 6.70xl0"3 0.0535 7.99 1.149 4887
CPT-8/CaHzd 6.5 0.0104 6.50xl0"3 0.0630 9.69 1.600 9923
CPT-9/CaHzd 7.5 0.0081 7.3 7x1 O'3 0.0457 6.20 1.098 2794
CPT-ll/CaHzd 8 0.0079 7.66xl0"3 0.0596 7.78 1.031 4159
CPT-3/SDH 2 0.0322 29.2x10"3 0.400 13.70 1.103 13175
CPT-6/SDH 2 0.0447 39.3xl0‘3 0.396 10.08 1.138 7615
CPT-7/SDH 2 0.0165 11.7xl0"3 0.059 5.03 1.408 2301
CPT-10/SDH 2 0.0298 27.3xl0"3 0.437 15.97 1.089 17266
CPT-11/SDH 2 0.0177 15.7xl0‘3 0.283 18.07 1.130 22453
CPT-2/SDH 7.5 0.0083 7.44xl0‘3 0.0394 5.30 1.115 2039
CPT-3/SDH 8 0.0055 4.35xl0*3 0.0196 4.51 1.265 1626
CPT-4/SDH 8 0.0055 2.67xl0"3 0.0197 7.38 2.062 7485
CPT-7/SDH 7 0.0087 8.38xl0"3 0.0437 5.21 1.038 1830
CPT-8/SDH 6.5 0.0117 9.33xl0"3 0.1025 10.99 1.254 9898
CPT-9/SDH 7.5 0.0103 7.84x10‘3 0.0577 7.36 1.314 4744
CPT-11/SDH 8.5 0.0123 12.4xl0'3 0.1008 8.10 0.989 4322
CPT-2/ADH 6.5 0.0123 11.6xl0"3 0.0709 6.11 1.061 2619
CPT-3/ADH 7 0.0133 12.6xl0"3 0.0802 6.34 1.052 2804
CPT-4/ADH 6.5 0.0166 16.2xl0'3 0.1043 6.43 1.024 2809
CPT-9/ADH 7.5 0.0125 11.3xl0'3 0.0557 4.92 1.104 1719
CPT-11/ADH 7.5 0.0097 9.62xl0'3 0.0879 9.14 1.008 5582
The results can be more clearly compared in graphic form. The following graphs 
summarise the results according to the identity and level of content of the 
crosslinkable m o n o m e r  in the polymer compositions (overleaf).
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Trends in Values For Equivalent Polymer Systems Containing 
Different Crosslinking Monomers at pH 2
Me
■ CaHzd
■ SDH
CPT-2 CPT-4 CPT-6 CPT-10 CPT-11
(pH5)
The above graph represents polymers containing equivalent quantities of different 
crosslinkable monomers at p H  2. The key indicates which crosslinking agent is 
present. C P T - 1 1 is indicated as showing a p H  value of 5, but this does not appear to 
have the same effect as p H  values of 6.5 and above. CPT-2 and CPT-4 contain 2.6% 
D A A M ,  CPT-6 contains the equivalent amount of A A E M ,  CPT-10 contains the 
equivalent amount of AP-4-AC, and C P T - 1 1 contains the equivalent amount of 2-B-3- 
AC. The results obtained at p H  7-8 are shown in the graph below.
Trends in Values For Equivalent Polymer Systems Containing 
Different Crosslinking Monomers at pH 7-8
CPT-2 CPT-4 CPT-8 CPT-9 CPT-11
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CPT-8 contains the equivalent amount of D A A C  as 2.6% D A A M ,  and CPT-9 
contains the equivalent amount of A A C .  The graph below shows a direct comparison 
of the DAAM-containing polymers with the three crosslinkers at two p H  values. CPT- 
2 and CPT-4 contain 2.6% D A A M ,  and CPT-3 contains 5.0% D A A M .
Ca H z d
ADH
14000
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0
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The relative number of crosslinks per polymer chain is usually termed the crosslink 
density of the polymer. As the crosslink density increases, by definition, the value of 
Mc correspondingly decreases. Therefore, the lower the value of Mc the higher the 
crosslink density and hence, the more advanced the crosslinking reaction has 
occurred. As indicated by the film test results, the crosslinking reaction generally 
appears to proceed faster and more completely at p H  7-8 than at p H  2, with a few 
exceptions such as CPT-3/CaHzd at p H  2 in the above graph.
The best performance overall is obtained by CPT-3 ( 5 %  D A A M )  with C a H z d  and 
S D H  at p H  7-8. However, the calculated Mc values are ball-park figures only, and 
polymer compositions showing Mc values of less than about 5000 were considered to 
be of equivalent performance since polymer X  is k no wn  to have a theoretical Mc 
value of approximately 6500. The following polymer compositions were considered 
to have performed well under this criteria (see table overleaf).
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Model Polymer Crosslinker pH
CPT-2 CaHzd 6.5
SDH 7.5
ADH 6.5
CPT-3 CaHzd 2
CaHzd 7
SDH 8
ADH 7
CPT-4 CaHzd 6.5
ADH 6.5
CPT-7 DAB 11
SDH 2
SDH 7
CPT-9 CaHzd 7.5
SDH 7.5
ADH 7.5
CPT-11 CaHzd 8
SDH 8.5
ADH 7.5
Interestingly, it is noted that CPT-2 generally performs better than CPT-4. It was 
actually expected that CPT-4 would s ho w  the better crosslinkability, due to the 
problems encountered with the polymerisation of CPT-2. Also, the AAEM-containing 
polymers reacted well with D A B  (pH 11) and S D H  (pH 2), but it is not entirely clear 
w h y  CPT-6 reacted with S D H  at p H  2 but not well enough to form a network at p H  7.
Fro m  the swelling studies, a general summary of the relative reactivities of the 
crosslinkable monomers is given below in order of decreasing crosslinkability
D A A M  >  2-B-3-AC >  A A C  >  A A E M  >  D A A C  >  AP-4-AC 
where p H  7-8 >  p H  2 
and S D H  >  C a H z d  >  A D H  >  D A B  for methyl ketone monomers 
and D A B  >  S D H  >  A D H  s  C a H z d  for A A E M
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5.7 Summary and Recommendations for Future W ork
The reaction, in dilute aqueous solutions, between the model low molecular weight 
amino- and carbonyl- compounds to form the expected hydrazone products was found 
to be not as simple as the kinetic treatment applied. The derived second-order rate 
equation, used to evaluate some of the reactions, did not take into consideration the 
effects of other reaction rates and equilibria such as isomer formation (e.g. BzHzd- 
D A A  geometric isomers), decomposition products (e.g. ethyl acetoacetate forms 
acetone and ethanol), and secondary hydrazone formation (e.g. BzHzd-Ac hydrazone 
from the decomposition of ethyl acetoacetate). The low molecular weight models 
indicated the possibility of controlling the hydrazone formation by pH, with acidic 
conditions appearing to be favourable for most of the reactions. This is in apparent 
contrast to the results from testing the model polymers. In this case, neutral p H  values 
appear to favour the crosslinking reaction in an emulsion polymer environment, 
although reactions do take place at acidic p H  values if the concentration of 
crosslinkable m o n o m e r  is increased.
The low molecular weight models also indicated that a methyl-ketone structure with 
an a-OIT group increased the rate of formation of the hydrazone product, shown by 
hydroxyacetone and 3-hydroxy-2-butanone with a range of hydrazides. It was 
attempted to reproduce this type of system in an acrylic m o n o m e r  for incorporation 
into an acrylate polymer backbone. 3-Hydroxy-2-butanone acrylate and acetonyl 
acrylate were synthesised in an attempt to mimic this chemistry. 4-Hydroxy 
acetophenone acrylate was also synthesised to study steric effects on the hydrazone 
crosslinking reaction. 3-ITydroxy-2-butanone acrylate was found to react well in the 
emulsion polymer environment, with acetonyl acrylate also undergoing crosslinking 
reactions but not quite to the same extent. A s  m a y  be expected from the low 
molecular weight model studies, the steric hindrance of the benzyl ring attached to the 
methyl-ketone group was found to be detrimental to the crosslinking reaction through 
hydrazone formation.
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Diacetone acrylamide is a well-known effective crosslinking m o n o m e r  for reactions 
with dihydrazides, so diacetone alcohol acrylate was synthesised as a similar-structure 
comparative (the N H  group in diacetone acrylamide being substituted for an oxygen 
atom). Tests showed that diacetone alcohol acrylate was not as good a crosslinkable 
m o n o m e r  as diacetone acrylamide. This poses questions regarding the importance of 
the N H  group in such monomers. Further work is required in this area to ascertain 
whether the N H  or the O H  group is most favourable in encouraging hydrazone 
formation, and in which structural position relative to the carbonyl group involved.
3-Hydroxy-2-butanone acrylate m a y  be suggested as an alternative crosslinking 
m o n o m e r  to diacetone acrylamide, if it were commercially available. The synthetic 
procedure used in this work would need attention to optimise the yields if further 
interest in this m o n o m e r  was shown.
The aims of this research project have been fulfilled. The storage-stable model 
aqueous emulsion polymers have been shown to react, through hydrazone formation, 
to form three dimensional network structures which m a y  swell in solvent and not 
dissolve. This is evidence for the crosslinking reaction. Coatings m a d e  from these 
polymer systems also exhibit improved water-resistance and adhesion, shown by the 
film testing results. Although none of the polymers exactly matched the performance 
of the target polymer (polymer X), several of the compositions explored were almost 
as good. Further work is required in the area of optimising the formulating of these 
polymers into useable coatings or printing inks. The model polymers are currently 
being evaluated as printing ink binders.
Another area for future work could be the exploration of the reversibility of the 
hydrazone crosslinking reaction in order to improve clean-up of the industrial 
processing equipment after use of such polymer systems.
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A ppen d ix  1
Derivation o f  Second Order Rate Equation
kf  krA  +  B ^ = ^ P  +  Q  K = - f L  =
K  kr ( a - x c) ( b - x c)
T T  =  “ 3T  =  -  M P ] ( Q ]  x)(b -a t a t K eq
because Q = D 20  (the solvent is D 20  and N - H  
exchange is very fast) [Q] is nearly constant and 
hence is absorbed in the apparent value of Keq.
at t = 0, [A ] = a; [B] =  A  [P] =  0
at t —1}, [A] = a - x ;  [B] - b  — x; [P] =  x
at t = oo, [A] =  a - x t>; [B] =  & - x c; [P] =  x c
k
Keq = Y ~  S °  kf ( a - Xc ) (p~Xe) = kr'Xe
So —  = k f (a -  x)(b ~ x ) -  kr.x = kf  (a -  x)(/> -  x )— — --- — -- — .x
dt xe
kf \abx -axx -bxx i, + x 2x~ a b x  + axxi, + b x x - x x 2} k, ,,
=  ;   i : l X = + { + - 4 ( ^ - ^ ) }
k f dt dx
xe (xe-x ) (a b -x xe)
A B. 4 ..
(x,-x) (ab-xxe)
Bxe -  Bx +  Aab -  Axxe =  1 
-B  -  Axe = 0  B -  -A xe 
- Ax2 + Aab = 1
4 = _ »  fl=
ab -  x„ ab -  x\
kf  c _ 1 J r dx r dx
x j  (ab -  x 2) #  (xe -  x) J (ab -  xxe)\
1 ftog ^ - - / 0 g 7 ± + U  +  c
(ab -  x 2) | (xe -  x) (ab -  xxe )
*e / xe(ab-xxe)
kft =  t— log7— ^ —77-- e- ~ -  +  C  (note that when a =  b, ab =  a 2 =  b 2 )
( a b -x 2) (xe- x ) ( a b - x e)
=  A  Jog j M z P  =  *« logxAab~ xx' )
( a b - x 2) '  ( x c - x ) ( a b - x c) '  x  :„2) ' «6(jc„-.x)
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Table Showing Relative Molecular Masses and Purity o f  Compounds and ^ -N M R  Solvents
Compound/Solvent Abbreviation R M M %  Purity
benzylamine B z A 107.16 99
1,4-diaminobutane 1,4-dab 88.15 99
trans-1,2-diaminocyclohexane 1,2-dach 114.19 99
acetic hydrazide A c H z d 74.08 95
benzoic hydrazide B z H z d 136.15 98
succinic dihydrazide S D H 146.15 96
adipic dihydrazide A D H 174.20 98
carbohydrazide C a H z d 90.09 98
acetone A c 58.08 99.8 *
hydroxyacetone H A c 74.08 90
butanone B U T 72.11 95
3-hydroxy-2-butanone 2-B-3-OH 88.11 95
diacetone alcohol D A A 116.16 99
2,4-pentandione 2,4-pd 100.12 99+
ethyl acetoacetate Etacac 130.14 99+
pinacolone P I N 100.16 98
diacetone acrylamide D A A M 169.23 99
deuterium oxide d 2 o 20.03 99.9 a t o m % D
sodium carbonate (anhydrous) Na2.C03 150.99 99.9
acetic-d3-acid-d C D 3C 0 2D 64.08 99.5 a t o m % D
All compounds were obtained from Aldrich Chemical Co., except marked * which was obtained from 
Fisons.
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H-NM R Spectrum o f  BzHzd with Etacac (3 mins), pH 10
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H N M R  Spectrum o f  BzHzd with Etacac (6 hours), pH 10
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Possible Reaction Schemes for Self-Condensation o f  Benzoic Hydrazide at pH 10
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'H -NM R Spectrum o f  BzHzd with BUT (3 mins), pH 3
\
i llc'9S
G ffS S
£<k 66
Z . J Z Z Q  i /
S.991B 1
> B Z ? 6 t  " —
6Z-IG6 I
761)90 ‘ Z
t  z z . c z I  \
G g gez:?  "■<*=
e s e z r ' z  —
1 f  T i f
i9?PT z / / T
t Gc.Z t 1 / /
SZZSt z  /
Ct 9 Z t ' Z ra 
. »o
ra 
_ ■a-
9?eG f c  
r. > ?. i V c  
idgggy cc9£tjS ‘LH U s  2
99 1SSe15^ 9 v.
S U 9 9  C
■a •a — m cs co ra
oi *o in ca 03 to io ra­
J to r=j in ra in co in cn“ H N • r » . > * < ,ea — (ci ts to. ra­ 0s1 to to (N 03 OJ
ea j = . ts to ca m a? ra
* rs <n Kicnin OJ *—f
cr cm N m r=t r=t
fM
intutu
}—t - xG. CC to! u. to ac 3= ra ra co uj CQ 0£
<_i rat— cn ra to a. GC CC 2 t -
in . ci
1tiiii33XN i
PP
M
B£
H£
D 
+ 
BU
TR
NO
NC
 
Cl
-H
 
02
0.
 
PH
3.
 
0.
06
64
M
, 
1 
tft
fc
’K
. 
LP
T.
0TS63'
n X s ¥  i '
c l r c c ' i>
S9T0TTaTTS-
Wdd
_ _ _ _ _ _ _ _ _   L__
A ppen d ix  14
1 H-NM R Spectrum o f  BzHzd with BU T (1 week), pH 3 i
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'H -NM R Spectrum o f  BzHzd with Etacac (37 hours), pH 6
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! H - N M R  Spectral Peak 8 Values For Reactants Used In Kinetic Studies In D 20
Reactant Solution
p H
C H 3C O  
8 {ppm)
c h 2
8 (ppm)
alkyl-CH3 
0 bpm)
c h 3
8 (ppm)
Acetone 3 2.17 (s)
6 2.21 (s)
10 2.22 (s)
Hydroxyacetone 3 2.10 (s) 4.32 (s)
6 2.13 (s) 4.35 (s)
10 2.13 (s) 4.35 (s)
Butanone 3 2.08 (s) 2.4 (q) 0.87 (t)
6 2.18 (s) 2.5 (q) 0.98 (t)
10 2.18 (s) 2.5 (q) 0.98 (t)
Diacetone 3 2.19 (s) 2.66 (s) 1.22 (s)
alcohol 6 2.23 (s) 2.73 (s) 1.26 (s)
10 2.24 (s) 2.74 (s) 1.28 (s)
Diacetone* 3 2.10 (s) 1.31 (s) 3.01 (s)
acrylamide 6 2.15 (s) 1.36 (s) 3.07 (s)
10 2.15 (s) 1.36 (s) 3.07 (s)
Ethyl 3 2.26 (s) 4.16 (q) 1.22 (t)
acetoacetate 6 2.30 (s) 4.19 (q) 1.25 (t)
10 2.29 (s) 4.19 (q) 1.25 (t)
Acetic 3 1.94 (s)
hydrazide 6 1.89 (s)
10 1.86 (s)
Benzoic 3
hydrazide 6
10
3-hydroxy-2- 6 2.21 (s) 4.42 (q) 1.37 (d)
butanone
Pinacolone 6 2.24 (s) 1.14 (s)
Succinic 6 2.47 (s)
dihydrazide
Adipic 6 2.22 (s), 1.56 (s)
dihydrazide
*Diacetone acrylamide also had peaks for the C H 2= C H  protons at 8 6.13 (sxt) and 5.65 (d) 
K E Y : s =  singlet; d =  doublet; t =  triplet; q =  quartet; sxt =  sextet
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!H -NM R Spectrum o f  BzHzd with Ac (3 mins), pH 6
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’H -NM R Spectrum o f  BzHzd with Ac (3 days), pH 6
“t to racrt5— a m 03 to tot>. cn to ra cn CO raCJ I ND . • . tcr: \ >ca / *011/1 ra CM to toCM CD CMx/scy m  ! .+ ra ND CD ra+ /Vy\ o co »n ND CM to/ tic. 1 CO CM to toa CMr*j ■a 10 ujX G. 1— Xor 'JIm li­ jcaatTttj GCCD cn ot­ en tt.cccr2i— in
iBsqaiNi r
A ppen d ix  21
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’H -NM R Spectrum o f  BzHzd with 2-B-3-OH (7 mins), pH 6
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1 H -NM R Spectrum o f  BzHzd with 2-B-3-OH (1 hour), pH 6
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H-NM R Spectrum o f  BzHzd with 2-B-3-OH (19 hours), pH 6
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’H -NM R Spectrum o f  BzHzd with 2-B-3-OH (7 weeks), pH 6
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H-NM R Spectrum o f  BzHzd with D A A M  (3 mins), pH 6
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lH -NM R Spectrum o f  BzHzd with D A A M  (11 days), pH 6
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1 H -NM R Spectrum o f  BzHzd with D A A M  (8 weeks), pH 6
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D E TA  Trace o f  Model Polymers (BA/MMa) and (BA/MMa/AA)
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D ETA Trace o f  Model Polymers (BA/MMa/AAEM) and (BA/MMa/AA/AAEM)
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Appendix 41
Summary of Swelling Study Results
sample pH n-pentane n-hexane cyeloliexnne toluene benzene carbon tetrachloride
swell % gel % swell % gel % swell % gel % swell % gel % swell % gel % swell % gel %
CPT-1/H20 2 15.22 100.39 22.69 101.79 44.66 106.31 diss diss diss diss diss diss
CPT-2/H20 2 14.57 102.07 15.79 101.69 43.31 108.18 diss diss diss diss diss diss
CPT-3/H20 2 14.79 101.79 18.53 102.92 32.67 108.70 diss diss diss diss diss diss
CPT-4/H20 2 14.86 100.86 41.26 102.63 38.41 108.79 diss diss diss diss diss diss
CPT-5/H20 2 15.05 101.43 21.32 103.10 41.87 107.04 diss diss diss diss diss diss
CPT-6/H20 2 14.34 101.18 17.89 103.23 33.82 108.43 diss diss diss diss diss diss
CPT-7/1120 2 13.83 102.02 16.67 102.13 36.58 106.94 diss diss diss diss diss diss
CPT-8/H20 2 17.97 101.50 14.88 102.81 37.93 107.10 diss diss diss diss diss diss
CPT-9/II20 2 19.66 101.74 14.99 102.93 43.92 109.68 diss diss diss diss diss diss
CPT-10/H2O 2 21.83 101.87 17.28 103.09 34.38 106.72 diss diss diss diss diss diss
C PT-l 1/H20' 5 33.17 100.50 25.25 101.33 57.30 104.79 diss diss diss diss diss diss
sample pH n-pentane n-hexane cyclohexane toluene benzene carbon tetrachloride
swell % gel % swell % gel % swell % gel % swell % gel % swell % gel % swell % gel %
CPT-1/H20 7.5 15.58 101.02 20.00 101.99 75.66 105.61 diss diss diss diss diss diss
CPT-2/H20 7.5 16.33 101.38 15.55 102.54 40.33 106.11 diss diss diss diss diss diss
CPT-3/H20 8 15.12 101.18 15.09 102.58 47.25 107.06 diss diss diss diss diss diss
CPT-4/H20 7.5 15.68 101.09 18.18 102.06 47.14 106.06 diss diss diss diss diss diss
CPT-5/H20 7.5 17.58 101.11 16.90 102.90 41.30 106.36 diss diss diss diss diss diss
CPT-6/H20 7.5 14.55 101.85 16.00 102.56 38.91 105.29 diss diss diss diss diss diss
CPT-7/H20 7 11.69 100.65 13.61 103.05 43.43 104.79 diss diss diss diss diss diss
CPT-8/H20 6.5 16.83 100.00 17.50 103.45 50.00 101.10 diss diss diss diss diss diss
CPT-9/H20 8 16.67 102.56 33.93 101.82 41.58 103.06 diss diss diss diss diss diss
CPT-10/H2O 7.5 15.60 100.93 15.66 98.81 40.68 105.36 diss diss diss diss diss diss
C PT-l 1/H2Q 8 13.56 100.85 24.49 98.99 39.10 104.70 diss diss diss diss diss diss
sample pH n-pentane n-hexane cyclohexane toluene benzene carbon tetrachloride
swell % g e !% swell % gel % swell % g e l% swell % gel % swell % gel % swell % gel %
C PT -l AcHzd 3 11.32 98.15 18.64 100.00 53.19 102.17 diss diss diss diss diss diss
CPT-2 AcHzd 3 18.18 101.85 15.38 98.48 35.94 104.92 diss diss diss diss diss diss
CPT-3 AcHzd 3 19.30 101.79 9.80 98.08 33.33 106.78 diss diss diss diss diss diss
CPT-4 AcHzd 3 14.71 97.14 5.71 97.22 40.38 104.00 diss diss filmed filmed diss diss
CPT~5AcHzd 3 12.96 100.00 15.22 97.87 36.36 104.76 diss diss diss diss diss diss
CPT-6 AcHzd 3 10.64 95.92 17.54 100.00 35.48 105.08 filmed filmed filmed filmed diss diss
CPT-7 AcHzd 3 9.43 101.92 7.84 98.08 37.74 103.92 filmed filmed filmed filmed filmed filmed
CPT-8 AcHzd 3 14.29 102.44 9.80 96.23 51.35 105.71 diss diss diss diss diss diss
CPT-9AcHzd 3 12.28 101.79 13.51 94.87 31.11 104.65 diss diss diss diss diss diss
C PT-10 AcHzd 3 7.84 98.08 17.86 100.00 34.69 106.52 filmed filmed filmed filmed filmed filmed
CPT-11 AcHzd 5 11.29 96.88 21.52 101.28 42.03 104.55 diss diss diss diss diss diss
sample pH n-pentane n-hexane cyclohexane toluene benzene carbon tetrachloride
swell % ge l% swell % g e l% swell % g e l% swell % gel % swell % ge! ° o swell % g e l%
C PT -l AcHzd 7 14.81 98.18 16.39 101.67 40.54 100.00 diss diss diss diss diss diss
CPT-2AcIlzd 7 19.51 100.00 11.94 100.00 63.83 104.44 diss diss diss diss diss diss
CPT-3 AcHzd 7 11.11 98.44 13.11 100.00 48.48 106.45 diss diss diss diss diss diss
CPT-4 AcHzd 7 13.46 100.00 13.21 98.15 36.00 104.17 diss diss diss diss diss diss
CPT-5 AcHzd 7 11.11 97.83 23.68 111.76 53.85 100.00 diss diss diss diss diss diss
CPT-6AcHzd 7 8.89 100.00 19.44 97.30 41.30 100.00 diss diss diss diss diss diss
CPT-7AcHzd 7 7.69 96.30 10.87 97.87 37.29 105.36 diss diss diss diss diss diss
CPT-8 AcHzd 6.5 15.09 101.92 18.75 97.96 35.38 104.84 diss diss diss diss diss diss
CPT-9 AcHzd 8 13.64 100.00 24.00 100.00 40.00 100.00 filmed filmed filmed filmed filmed filmed
CPT-lOAcHzd 8 7.32 95.35 14.29 98.25 39.13 102.22 diss diss diss diss diss diss
CPT-11 AcHzd 8 13.64 97.06 23.53 100.00 45.05 102.25 diss diss filmed filmed diss 1 diss
Appendix 42
Summary of Swelling Study Results
sample pH n-pentane n-hexane cyclohexane toluene benzene carbon tetrachloride
swell % gel % swell % gel % swell % se! % swell % gel % swell % gel % swell % gel %
CPT-1 CaHzd 2 13.15 100.40 21.11 102.12 41.53 104.88 diss diss diss diss diss diss
CPT-2CaHzd 2 18.93 100.98 19.62 102.77 32.29 105.69 1000.49 94.47 889.35 96.02 1762.50 97.35
CPT-3CaHzd 2 12.73 100.00 14.08 100.98 45.96 105.38 474.19 100.46 525.10 102.41 691.70 111.15
CPT-4CaHzd 2 19.07 100.52 16.81 102.26 36.28 106.60 1468.21 87.44 1002.00 95.42 1659.79 101.06
CPT-5CaHzd 2 13.90 100.45 15.14 101.87 67.24 106.42 diss diss diss diss diss diss
CPT-6CaHzd 2 13.10 100.80 13.94 102.87 39.23 106.09 diss diss diss diss diss diss
CPT-7CaHzd 2 14.20 100.00 24.00 101.52 30.09 105.88 diss diss diss diss diss diss
CPT-8CaHzd 2 12.96 100.47 17.48 100.70 38.03 105.97 filmed filmed 2185.80 79.72 filmed filmed
CPT-9CaHzd 2 18.86 101.74 12.71 101.29 36.43 107.28 diss diss diss diss diss diss
CPT-1 OCaHzd 2 16.94 101.22 13.51 101.83 32.62 106.88 1656.65 82.78 1886.98 81.64 filmed filmed
CPT-1 ICaHzd 5 13.46 99.52 18.78 100.44 44.02 108.85 936.08 92.38 1417.61 86.59 1311.83 96.88
sample pH n-pentane n-hexane cyclohexane toluene benzene carbon tetrachloride
swell % gel % swell % gel % swell % g e l% swell % gel % swell % gel % swell % g e l%
CPT-ICaHzd 7 11.76 97.14 13.56 101.72 52.17 106.15 filmed filmed filmed filmed filmed filmed
CPT-2CaHzd 6.5 14.86 96.10 25.00 101.41 37.65 104.94 680.88 97.14 695.12 94.25 890.48 105.00
CPT-3CaHzd 7 12.82 100.00 19.72 101.43 44.71 106.25 447.83 97.87 464.58 96.97 673.87 104.72
CPT-4CaHzd 6.5 18.18 100.00 25.37 100.00 43.84 105.80 716.13 89.86 714.55 93.22 1005.33 97.40
CPT-5CaHzd 6.5 13,19 100.00 21.54 103.17 44.74 106.54 diss diss diss diss diss diss
CPT-6 CaHzd 6.5 13.89 100.00 16.05 102.53 36.79 106.00 diss diss diss diss diss diss
CPT-7CaHzd 6.5 14.00 102.04 30.25 102.59 37.30 105.00 diss diss diss diss diss diss
CPT-8CaHzd 6.5 18.95 100.00 26.17 102.88 3238 106.06 752.83 95.50 819.00 96.15 1008.65 100.00
CPT-9CaHzd 7.5 14.02 100.00 24.00 100.00 41.91 106.25 529.36 99.09 517.24 97.75 855.56 100.00
CPT-lOCaHzd 7 16.00 100.00 12.70 100.00 55.56 105.00 diss diss diss diss diss diss
CPT-1 ICaHzd 8 14.53 100.00 15.13 100.00 47.06 107.21 779.80 92.52 835.05 92.38 1288.46 98.73
sample pH n-pentane n-hexane cyclohexane toluene benzene carbon tetrachloride
swell % gel % swell % gel % swell % gel % swell % g e l% swell % gel % swell % gel %
CPT-1/SDH 2 21.29 101.35 31.95 102.59 38.03 107.37 diss diss diss diss diss diss
CPT-2/SDH 2 12.28 101.21 13.88 101.93 30.38 106.78 2095.48 77.00 filmed filmed filmed filmed
CPT-3/SDH 2 11.42 101.75 13.56 102.92 40.87 107.73 1168.85 89.46 1380.72 86.22 1911,18 94.41
CPT-4/SDI-I 2 12.92 101.50 19.63 102.17 56.31 106.17 2774.51 72.08 filmed filmed filmed filmed
CPT-5/SDH 2 14.75 101.36 16.38 102.31 58.79 106.80 diss diss diss diss diss diss
CPT-6/SDH 2 18.20 102.30 21.62 102.49 36.01 108.72 889.13 91.1.6 892.81 91.05 1532.29 99.78
CPT-7/SDH 2 10.23 101.90 16.76 100.00 45.41 107.10 783,67 . 93.33 775.54 93.88 1145.24 101.82
CPT-8/SDH 2 18.75 98.97 12.37 103.19 4737 102.15 diss diss filmed filmed diss diss
CPT-9/SDH 2 14.09 101.59 20.32 103.06 44.42 108.03 diss diss diss diss diss diss
CPT-10/SDH 2 23.90 101.55 20.77 102.52 44.73 108.22 1490.34 84.06 1568.37 85.71 2338.72 89.26
CPT-11/SDH 5 14.19 97.37 32.00 101.52 38.11 105.58 1571.96 79.85 2119.27 78.42 3030.15 76.84
sample pH n-pcntane n-hexane cyclohexane toluene benzene carbon tetrachloride
swell % gel % swell % gel % swell % g c l% swell % gel % swell % gel % swell % g e l%
CPT-1/SDH 7.5 14.10 100.00 9.09 101.85 44.05 106.33 2124.05 78.22 filmed filmed diss diss
CPT-2/SDH 7.5 11.46 102.13 9.38 101.05 37.04 103.85 465.52 98.86 684.38 97.96 922.99 104.82
CPT-3/SDH 8 7.69 101.96 10.45 101.52 40.79 105.56 369.09 101.85 421.21 97.06 569.49 107.27
CPT-4/SDH 8 8.96 101.52 20.31 103.23 24.59 103.39 647.92 94.12 578.85 94.55 1028.57 101.82
CPT-5/SDH 8 10.45 98.53 15.58 101.32 45.83 102.86 diss diss diss diss diss diss
CPT-6/SDH 7.5 14.63 98.80 19.13 101.77 40.00 107.14 1255.45 89.38 filmed filmed filmed filmed
CPT-7/SDH 7 5.13 97.50 17.98 101.14 41.76 107.06 585.71 92.86 745.78 97.65 886.21 100.00
CPT-8/SDH 6.5 11.46 97.96 24.00 102.04 35.90 104.00 1060.00 88.54 1141.77 86.81 1656.07 91.45
CPT-9/SDH 7.5 14.29 98.82 19.51 100.00 39.20 105.93 583.08 99.24 712.66 100.00 804.76 101.94
CPT-10/SDH 7.5 11.67 96.77 20.79 101.00 30.77 100.00 2192.59 75.00 2836.36 75.34 filmed filmed
CPT-11/SDH 8.5 22.22 99.31 21.26 101.60 52.63 102.70 983.81 88.98 1061.65 90.48 1910.71 91.06
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sample pH n-pentane n-hexane cyclohexane toluene benzene carbon tetrachloride
swell % ge! °/o swell % . swell % gel % swell % g e !% swell % gel % swell % gel %
CPT-l/ADH 2 14.16 102.10 14.32 103.58 41.68 107.71 diss diss diss diss diss diss
CPT-2/ADH 2 16.67 101.54 18.26 102.22 37.23 108.05 diss diss diss diss diss diss
CPT-3/ADH 2 16.01 102.42 19.74 102.70 29.72 108.03 diss diss diss diss diss diss
CPT-4/ADH 2 19.56 102.08 17.38 102.98 32.36 107.89 diss diss diss diss diss diss
CPT-5/ADH 2 13.09 100.73 16.67 102.77 40.00 106.90 diss diss diss diss diss diss
CPT-6/ADH 2 13.21 100.95 1432 103.00 35.65 108.88 filmed filmed filmed filmed filmed filmed
CPT-7/ADH 2 12.32 102.10 14.47 103.75 39.26 108.39 filmed filmed part film part film 2028.62 92.76
CPT-8/ADH 2 14.09 101.85 17.99 101.09 35.81 108.04 diss diss diss diss diss diss
CPT-9/ADH 2 21.45 102.04 22.77 102.52 31.70 107.79 diss diss diss diss diss diss
CPT-10/ADH 2 13.90 101.97 16.03 103.35 30.74 107.83 2285.01 77.64 filmed filmed filmed filmed
C PT-ll/A D H 5 55.99 100.65 20.00 102.33 59.18 104.64 diss diss diss diss diss diss
sample I’ H n-pentane n-hexane cyclohexane toluene benzene carbon tetrachloride
swell % swell % gel % swell % gel % swell % gel % swell % g e l% swell % gel %
CPT-1/ADI1 6 13.97 100.00 16.81 99.12 40.91 100.92 2968.85 67.78 filmed filmed diss diss
CPT-2/ADH 6.5 15.00 101.01 13.48 98.89 36.21 103.57 773.39 96.12 930.19 92.17 1676.86 98.37
CPT-3/ADH 7 13.97 100.74 17.59 100.93 32.38 102.94 522.61 98.29 559.09 100.00 736.55 109.02
CPT-4/ADH 6.5 15.00 100.72 14.39 100.72 46.61 103.51 905.26 93.14 933.61 94.44 1360.59 102.41
CPT-5/ADII 6.5 16.09 100.00 11.54 , 97.20 42.15 102.54 diss diss diss diss diss diss
CPT-6/ADH 6.5 17.71 98.97 19.44 99.08 39.56 101.11 filmed filmed filmed filmed diss diss
CPT-7/ADH 6.5 14.43 101.04 7.30 99.28 35.61 101.54 1860.47 78.90 1531.46 82.41 filmed filmed
CPT-8/ADH 6.5 10.89 100.00 9.82 99.12 37.50 104.11 filmed filmed filmed filmed filmed filmed
CPT-9/ADH 7.5 9.90 99.02 16.83 100.00 52.08 105.49 471.13 98.98 492.52 98.17 819.55 106.40
CPT-10/ADH 6.5 14.88 99.18 16.00 99.01 45.95 104.72 filmed filmed filmed filmed filmed filmed
C PT-ll/AD H 7.5 20.56 98.17 19.83 97.48 41.13 103.33 1179.75 86.81 1230.77 89,66 1900.00 91.75
sample pH n-|>eiitane n-hexnne cyclohexane toluene benzene carbon tetrachloride
swell % gel % swell % g e l% swell % gel % swell % gel % swell % gel % swell % gel %
CPT-1 DAD 11 14.04 99.13 13.75 100.00 37.38 104.90 diss diss diss diss diss diss
CPT-2DAB 11 8.11 94.87 15.22 95.83 40.00 100.00 diss diss diss diss diss diss
CPT-3 DAB 11 6.38 95.92 16.67 102.13 36.21 101.75 diss diss diss diss diss diss
CPT-4 DAB 11 7.69 97.50 19.51 97.62 60.61 89.19 diss diss diss diss diss diss
CPT-5DAB 11 9.09 101.32 19.32 101.15 40.45 104.71 1846.43 80.00 filmed filmed filmed filmed
CPT-6DAB 11 14.29 98.82 16.67 98.36 42.11 104.59 1020.00 90.43 915.07 87.95 900.00 98.10
CPT-7DAB 11 19.42 100.98 21.95 100.00 47.66 105.94 624.29 97.22 836.11 96.00 543.68 104.82
CPT-8DAB 11 2.17 95.83 12.96 96.43 42.19 103.23 diss diss diss diss diss diss
CPT-9 DAB 11 7.32 100.00 0.00 90.24 42.86 100.00 filmed filmed filmed filmed diss diss
CPT-10DAB 11 10.20 98.00 15.38 97.50 84.78 100.00 4157.89 46.34 filmed filmed filmed filmed
CPT-11DAB 11 10.53 95.% | 30.30 98.51 62.50 101.82 diss diss diss diss diss diss
Appendix 44
Listing o f the Iterative Kinetic Computer Program Written In QuickBasic 4.1
(D rB  JHowlin)
kl, kminusl, c)
DECLARE SUB trian (X!, y ! )
DECLARE SUB runge (X!, y l , b!, k l!, kminusl!, c!)
REM version used 1/12/94 with minimization attempt 
DECLARE SUB runge2 (X!, y ! , a!, k l!, kminusl!, c!)
DECLARE SUB runge3 (X!, y ! , a!, b!, k l!, kminusl!)
'D E C L A R E  SUB scalax ()
DECLARE SUB squr (X!, y ! )
DECLARE FUNCTION ydashl! (y, a,
DECLARE FUNCTION ydash2! (y, a, b, kl, kminusl)
DECLARE FUNCTION ydash! (y, b, kl, kminusl, c)
DIM atab(12000), btab(12000), ctab(12000), ttab(12000), pratio(50), texp(50; 
xp(50), bexp(50), cexp(50)
COMMON SHARED h, a, b, c, kl, kminusl
1 program to calculate the rate constants in the system 
'A+B in equilibrium with C 
'BJH 18/11/94 
SCREEN 9 
firs t = 1
INPUT "do you want to use data from a f i le  (Y/N)", y$
IF y$ = "N" THEN
OPEN "a:\coz2.dat" FOR OUTPUT AS #1
INPUT " In itia l concentration of A and B ", ina, inb
INPUT " In itia l Guesstimate of kl, keq ", kl, keq
INPUT "time limit for calculation ", tlim
INPUT "Number of data points", pnum
INPUT "number of cycles is", ncyc
FOR i = 1 TO pnum
INPUT pra tio (i), texp(i)
NEXT i
PRINT #1, ina, inb, kl, keq, tlim, pnum, ncyc
FOR i = 1 TO pnum
PRINT #1, p ra tio (i), texp(i)
NEXT i 
CLOSE #1 
ELSE
OPEN "a:\coz2.dat" FOR INPUT AS #1
INPUT #1, ina, inb, kl, keq, tlim, pnum, ncyc
FOR i = 1 TO pnum
INPUT #1, p ra tio (i), texp(i)
NEXT i 
CLOSE #1 
END IF 
a = ina 
b = inb
kminusl = kl / keq 
FOR i = 1 TO pnum 
cexp(i) = p ratio (i) * a 
aexp(i) =s a - cexp(i) 
bexp(i) = b - cexp(i)
NEXT i 
tncyc = 1
rerun: t = 0: h = 1 
a = ina 
b = inb 
c = 0 
d iffc  = 0 
sumdiffc = 0
PRINT "a,b,c ,k l,kminusl", a, b, c, kl, kminusl 
FOR i = 1 TO tlim 
atab(i) = 0 
btab(i) = 0 
ctab(i) = 0 
ttab(i) = 0 
NEXT i 
i = 1
\ c r p
0calloop:
CALL runge(t, a, b, kl, kminusl, c) 
t = t - h
CALL runge2(t, b, a, kl, kminusl, c) 
t = t - h
CALL runge3(t, c, a, b, kl, kminusl)
atab(i) = a
btab(i) = b
ctab(i) = c
ttab(i) = t
i = i + 1
tcheck = INT(t)
'PRINT "t=", tcheck 
IF tcheck >= tlim THEN 
PRINT "ctab(l) is ", ctab(l)
GOTO fred:
ELSE
GOTO calloop:
END IF 
fred:
FOR i = 1 TO tlim 
FOR j = 1 TO pnum 
'PRINT "i=", i, "texp=", texp(j)
IF ttab(i) = texp(j) THEN 
diffa = atab(i) - aexp(j) 
diffb = btab(i) - bexp(j) 
d iffc  = ctab(i) - cexp(j) 
sumdiffc = sumdiffc + d iffc
'PRINT "difference in c is", d iffc, "at time"
'OPEN "a:\coz2.dat" FOR APPEND AS #1
'PRINT #1, d iffc
'CLOSE #1
END IF
NEXT j
NEXT i
'OPEN "a:\list.dat" FOR APPEND AS #2
•FOR i = 1 TO tlim
'PRINT #2, ttab (i), ctab(i)
'NEXT i 
'CLOSE #2 
CLS 2
IF (f irs t  = 1) THEN 
max = 1 
min = 1
FOR i = 1 TO tlim
IF ctab(i) > max THEN max = ctab(i)
IF ctab(i) < min THEN min = ctab(i)
NEXT i
WINDOW (0, min)-(tlim, (max / 30))
'LINE (0, min)-(tlim, max), 1 
LINE (0, 0)-(0, max / 30), 1 
LINE (0, 0 )- (tlim, 0), 1 
firs t = firs t + 1 
END IF
FOR j = 1 TO tlim 
FOR i = 1 TO pnum 
PSET (texp (i), cexp(i)), 2 
sgur texp (i), cexp(i)
IF j = texp(i) THEN 
PSET (tta b (j), c tab (j)), 4 
trian ttab (j), ctab(j)
END IF 
NEXT i 
NEXT j
PRINT "sum of difference in c is", sumdiffc 
IF tncyc = ncyc THEN 
GOTO endstat:
END IF
IF SGN(sumdiffc) > 0 THEN 
PRINT "kl reduced" 
kl = kl - .00001# 
kminusl = kl / keq 
tncyc = tncyc + 1 
GOTO rerun:
ELSEIF SGN(sumdiffc) < 0 THEN
PRINT "kl increased"
kl = kl + .00001#
kminusl = kl / keq
tncyc = tncyc + 1
GOTO rerun:
ELSE
PRINT "final value of kl is", kl, "and kminusl is", kminusl 
PRINT "at a sum of difference of c of", sumdiffc 
PRINT "at a number of cycles of", tncyc 
END
END IF 
endstat:
PRINT "kl after", ncyc, " cycles is ", kl, "and kminusl is", 
PRINT "SORRY!"
END
SUB runge (X, y, b, kl, kminusl, c)
'd[a]/dt= -kl[a][b]+kminusl[c] 
yt = y
d = ydash(y, b, kl, kminusl, c)
X = X + h / 2
y = yt + d / 2
e = ydash(y, b, k l, kminusl, c)
y = yt + e / 2
f = ydash(y, b, kl, kminusl, c)
X = X + h / 2
y = yt + f
y = yt + (d + 2 * (e + f ) + ydash(y, b, kl, kminusl, c )) /
END SUB
SUB runge2 (X, y, a, kl, kminusl, c) 
yt = y
d = ydashl(y, a, kl, kminusl, c)
X = X + h / 2 
y = yt + d / 2
e = ydashl(y, a, kl, kminusl, c) 
y = yt + e / 2
f = ydashl(y, a, kl, kminusl, c)
X = X + h / 2 
y = yt + f
y = yt + (d + 2 * (e + f )  + ydashl(y, a, kl, kminusl, c)) / 
END SUB
kminusl
6
SUB runge3 (X, y, a, b, kl, kminusl)
1d[c]/dt=kl[a][bj-kminusl[c] 
yt = y
d = ydash2(y, a, b, kl, kminusl)
X = X + h / 2 
y = yt + d / 2
e = ydash2(y, a, b, kl, kminusl) 
y = yt + e / 2
f = ydash2(y, a, b, kl, kminusl)
X = X + h / 2 
y = yt + f
y = yt + (d + 2 * (e + f )  + ydash2(y, a, b, kl, kminusl)) / 6
END SUB
SUB scalax (xl, x2, Yl, Y2)
'2008 DIM tim(50)
'2009 REM xl=tplot,x2=0,yl=max,y2=0
'2010 f = .05: x = f  * (xl - x2): Y = f  * (Yl - Y2)
'2020 xmax = xl + 2 * x: xmin = x2 - x: ymax = Yl + Y: ymin = Y2
'2040 dx = xmax - xmin: dy = ymax - ymin: i = 0
'2041 xyratio = 1.679: log2 = logl0(2): log5 = logl0(5)
'2100 xunits = xyratio * dy: xf = xunits / dx: xm = xmin * xf
'2101 CLS 0
'2102 VIEW (1, 1)-(600, 240), , 2 
'2110 WINDOW (xmin, ymin)-(xmax, ymax)
'2120 LINE (xmin, 0)-(xmax, 0), 1: LINE (0, ymin)-(0, ymax), 1
'2130 xg = loglO (xl): eg = INT(xg): dg = 10 eg: xg = xg - eg
'2140 IF xg < log2 THEN
'2150 dg = .2 * dg
'2160 ELSEIF xg < log5 THEN
'2170 dg = .5 * dg
'2180 END IF
'2190 yg = .01 * ymax: x = 0 
*2200 REM grad loop
'2210 x = x + dg: IF x > xl THEN GOTO 2228
'2215 xxf = x: LINE (xxf, yg)-(xxf, -yg), 3
'2218 i = 72 * xxf / (xmax - xmin) + 3
'2220 IF i > 70 THEN GOTO 2227
'2221 VIEW PRINT 2 TO 20
'2225 LOCATE 18, i
'2227 GOTO 2210
'2228 REM label axes
'2229 LOCATE 18, 72
'2230 PRINT "hrs"
'2231 LOCATE 2, 3 
'2232 PRINT "c"
'2233 LOCATE 3, 3 
'2234 PRINT "o"
'2235 LOCATE 4, 3 
'2236 PRINT "u"
'2237 LOCATE 5, 3 
'2238 PRINT "n"
'2239 LOCATE 6, 3 
‘ 2240 PRINT "t"
'2241 LOCATE 7, 3 
'2242 PRINT "s"
END SUB ■  -.    ' '*"• ' '*'■
SUB squr (X, y)
DRAW "c2"
DRAW "r4 u4 14 d4"
DRAW "r2 u2"
DRAW "p i,2"
END SUB
SUB trian (X, y)
DRAW "c2"
DRAW "f 4 18 e4"
END SUB
FUNCTION ydash (y, b, kl, kminusl, c)
REM d(a)/dt = -h [kl[a][b]-kminusl[c]] 
ydash = -h * ( k l * y * b -  kminusl * c) 
END FUNCTION
FUNCTION ydashl (y, a, kl, kminusl, c)
REM d(b)/dt = -h[kl[a][b]-kminusl[c]] 
ydashl = -h * (kl * a * y - kminusl * c) 
END FUNCTION
FUNCTION ydash.2 (y, a, b, kl, kminusl)
REM d(c)/dt = h[kl[a](b]-kminusl[c]] 
ydash2 = h * (k l *  (a * b) - kminusl * y) 
END FUNCTION
